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INTRODUCTION 


Every coccid thus far studied presents such striking peculiarities in its meiosis 
that we are confronted with the paradox of regarding a simple and orthodox 
maturation process as of especial interest. Puto sp. of the family Pseudococcidae 
reveals a primitive chromosome cycle possibly archetypal for coccids. Only in the 
llaveiine tribe of the family Margarodidae have partially comparable conditions been 
encountered. Thus in Llaveia bouvari we find as probably primitive traits a sex 
ratio which approaches equality, no trace of parthenogenesis nor of hermaphro- 
ditism, and an XX - XO sex chromosome mechanism. But even in this relatively 
generalized species a highly specialized achromatic figure has been evolved in male 
meiosis, and asynapsis of one pair of autosomes is already established as a constant 
and normal feature in a certain percentage of the spermatocytes. Moreover, in 
Llaveia the secondary pairing of homologous chromosomes just prior to the second 
meiotic division provides a mechanism which ensures segregation without previous 
synapsis—an essential preliminary step to the successful operation of the com- 
pletely asynaptic habit as encountered in the related genus Protortonia. Puto, 
while it shares with Llaveia the primitive traits listed above, shows none of the 
specializations just enumerated. A survey of its cytology discloses a primitive, 
typically hemipteran pattern and further permits the recognition of certain 
phenomena as basic coccid characteristics independent of the specialized modi- 
fications encountered in the different groups. 


MATERIAL AND METHODS 


Specimens of this coccid have been deposited with Dr. Harold Morrison of 
the Bureau of Entomology and Plant Quarantine, U. S. Department of Agriculture, 
Washington, D. C., to whom grateful acknowledgment is made for his assistance. 
Dr. Morrison reports that the genus Puto is in so confused a state taxonomically 
as to preclude a specific identification at the present time. 

The material was collected near the village of Tequisistlan, Oaxaca, Mexico, in 
November 1933. All instars were represented at this time, as again in more 
sporadic infestations found near Tehuantepec, Oaxaca, in December, 1938. The 
favorite host plant was the stinging-haired Jatropha known locally as the “mala 
mujer.” 
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Male nymphs of the third and fourth instars and adult females with eggs and 
embryos were dissected in Allen’s Bouin. This fixative gave good results in 
embryonic and late meiotic stages but proved unsuitable for early meiosis. Male 
material was sectioned at four and female at six micra, and stained in Iron Hema- 
toxylin. 


Chromosome Complement 


The chromosomes of the female Puto are 14 in number and comprise 7 pairs 
differing slightly in length (Fig. 1). The male diploid set numbers 13, of which 
the next to shortest element is the unpaired sex chromosome (Fig. 2). 


Somatic Mitosis 


Somatic mitosis conforms to the hemipteran type. Its most characteristic 
features derive from the possession by the chromosomes of a diffuse, in contrast 
to a localized, kinetochore. Thus the whole body of the chromosome orients at 
metaphase, chromosomal fibers form from the poleward surface of each chromatid 
along its entire length, and anaphasic disjunction is parallel (Figs. 3, 4, and 5). 
In Puto the chromosomal fibers converge to division centers in which a minute 
centriole may often be discerned. Neither astral rays nor continuous fibers are 
present. The association between the constituent chromatids of the chromosome 
is closer throughout the mitotic cycle than in most coccids. (This effect is en- 
hanced in the present material by the stain used.) Thus in the metaphase 
chromosome the two daughter chromatids only are usually distinguishable, although 
in an occasional end view a four-parted structure is suggested (Fig. 4). Anaphasic 
disjunction is parallel for about one third of the inter-center distance (Fig. 5); 
in late anaphase, as in most coccids, each chromosome curves toward the division 
center (Fig. 6). 


Female Meiosis 


The ovary of the young female conforms in structure to the usual coccid 
type. There is no trace of hermaphroditism in any instar. Meiosis is completely 
normal throughout its course. Seven normal bivalents are formed, and invariably 
two polar bodies are successively given off. This has been confirmed in many 
eggs, from several different females. Fusion of male and female pronuclei, while 
both polar bodies or their derivatives are still recognizable peripherally, has been 
observed in several eggs. Furthermore no haploid embryos have been found 
among some hundred checked. Thus, although no final conclusion is justified 
without the confirmation of breeding experiments, all the cytological evidence 
indicates the absence of parthenogenesis of either diploid or haploid type. 


Male Meiosis 


a. Prophases; structure and orientation of bivalents. 


From diakinesis on, the major features of male meiosis can be followed with 
adequate clarity. Earlier stages fix too poorly for a detailed analysis but appear to 
be entirely normal. There is no evidence of any anomalous behavior, such as 
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vesicle formation, or a difference in rate of condensation between haploid sets of 
chromosomes, such as is associated with the variant degrees of asynapsis en- 
countered in other coccids. A normal synapsis may safely be assumed. This is 
confirmed by the diakinetic bivalents. They are invariably six in number; no 
univalents other than the sex chromosome are present. 

At diakinesis the autosomal bivalents and the sex chromosome are found 
peripherally distributed, closely underlying the nuclear membrane. The course 
of the constituent chromatids cannot be followed throughout the bivalents but open 
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Ficures 1-6. Somatic mitosis. (All drawings made with camera lucida at table level 
with Zeiss 2 mm., 1.3 n.a. obj. and 20 X oc.; enlarged with pantograph; magnification as repro- 
duced 2700 X.) 

Ficure 1. Polar aspect of metaphase, female. 

Ficure 2. Same, male. 

Ficure 3. Lateral aspect of metaphase; entire chromosome oriented, chromosomal fibers 
from entire length of chromosome. 

Ficure 4. Same—one focal level only drawn—showing ends of a group of chromosomes. 

Ficure 5. Early anaphase—disjunction parallel. 

Ficure 6. Late anaphase—chromosomes curve toward centers. 


cross configurations (center, Fig. 7) suggest the resolution of a chiasma by 
rotation of the arms. Bivalent C of figure 8 would similarly be interpreted as a 
later stage in the same process. But the question of chiasmata aside, it is evident 
that in the marginally placed bivalents of figure 7 and in A and B of figure 8, the 
homologous chromosomes of each bivalent are assuming an end to end juxta- 
position. In the interpretation of these bivalents it must be remembered that no 
localized kinetochore is present in these chromosomes. The median knots in 
bivalents such as A and B in figure 8 thus represent chromosome ends and not, as 
might be assumed on superficial scrutiny, kinetochores. Similarly, the large central 
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aperture of the bivalent separates originally sister chromatids in the vertical, and 
homologous chromosomes in the horizontal arms. 


b. Metaphase I. 


Shortening and thickening of the chromosomes proceed rapidly and with no 
change in the position of the homologues in relation to each other. By metaphase 
each bivalent is a compact, superficially four parted body; but extreme as is the 
condensation undergone, a polar view of an early metaphase plate (Fig. 9) still 
gives evidence of the end to end alignment of homologues in some of the bivalents. 
In the metaphase orientation, as expected under the influence of the diffuse kineto- 
chore, the long axis of each chromosome lies at right angles to the spindle axis. 
The constriction visible in each bivalent from the polar view is therefore the primary 
split—in this case the point of contact between the ends of the two homologous 
chromosomes. The constriction visible from the lateral aspect (Fig 10), which 
becomes the plane of separation in the ensuing division, is accordingly the secondary 
split. The first division, patently equational for the X chromosome, is thus, 
disregarding crossing-over, basically equational in character for the autosomal 
bivalents also. In structure and orientation for the first division, therefore, the 
bivalents of Puto conform to the coccid and aphid type, as analysed by Ris (1942). 


c. First meiotic division. 
Chromosomal fibers form from the entire poleward surface of each chromatid 


and converge toward the division center. The four wefts of fibers thus produced 
in relation with each bivalent are visible in the obliquely viewed, leftmost bivalent 


of figure 10. No centrioles are visible and the chromosomal fibers tend to fade 
out distally, but the pole is nevertheless well demarcated and the spindle as a 
whole is of normal form. As in somatic mitosis no continuous fibers nor astral 
rays are present. Anaphasic disjunction is normal and regular with no trace of 
differential rates among the bivalents or their constituent elements. Delicate 
interzonal connectives form between the separating chromosomal elements, but the 
small size precludes an analysis of their structure. 


d. Interkinesis: separation and secondary pairing of chromatids. 


Already in the telophase of the first division the two chromatids derived from 
each metaphase bivalent begin to separate (Fig. 11). In the ensuing interkinetic 
interval this movement is continued until frequently the separation is complete 
and the full diploid number of chromatids may be counted as in figure 12. This 
separation is not interpretable as an extreme expression of that “repulsion” between 
chromatids characteristic of most organisms immediately prior to the second 
meiotic division. The chromatids here involved are not originally sister strands 
held together by a joint kinetochore region, but represent, again disregarding 
crossing-over, equational halves of the two homologous chromosomes of the meta- 
phase bivalent. Their separation thus indicates simply the lapse of the terminal 
attraction or association which held the homologues together after the terminaliza- 
tion of any chiasmata which may have been present—an association ordinarily 
broken at first anaphase. 

Little or no unravelling of the chromatids has thus far occurred. They remain 
throughout interkinesis as compact centers with only a slight irregularity of outline 
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(Figs. 12 and 13). The nuclear membrane now reforms, and it is of interest that 
therewith the chromatids assume once more, as previously in diakinesis and 
later in the spermatid nucleus, a peripheral distribution underlying the membrane. 
Simultaneously with this orientation the chromatids begin to reassociate in pairs 
(Fig. 13). Size differences show this pairing to be between homologous chroma- 
tids. Although the long axis of these compact chromatids cannot now be deter- 
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Figures 7-10. Diakinesis and Metaphase I in male. 

Figure 7. Diakinesis—(only four bivalents drawn); three bivalents show homologues 
assuming end to end position, one open cross. 

Figure 8. Diakinetic bivalents; A—early assumption of end to end position of homo- 
logues; B and C—stages in opening of cross configuration. 

Ficure 9. First meiotic metaphase, polar view; six bivalents and univalent Xj; con- 
striction in bivalents is primary split. 

Figure 10. Same, lateral view; constriction in plane of separation is secondary split. 


mined with accuracy, there is little doubt that the realignment results in a side 
by side lengthwise, association. This assumption is supported by the close 
parallellism obtaining between the realignment here and in the corresponding 
chromatids of Nautococcus (Hughes-Schrader, 1942) in which the long axis is 
persistently recognizable. Moreover, as the newly formed dyads orient for the 
second metaphase the plane of contact between the homologous chromatids comes 
to lie at right angles to the spindle axis and forms the plane of separation for the 
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second division. Chromosomal fibers then form from the entire poleward surface 
of each chromatid further identifying this as the long axis. The second division is 
thus reductional for all non-crossover regions. 

It should be emphasized that the seriation of the interkinetic stages just 
described can be positively established. Cell and nuclear size are in series with 
those of first anaphase and telophase on the one side, and second metaphase on 
the other. Moreover, in the first telophase alone is a heavily staining midbody 
developed in the interzonal connectives (Figs. 11 and 12). This midbody is re- 
tained, with decreasing sharpness of staining reaction, in the interkinetic cells and 
thus confirms their identification. 

e. Second meiotic division. 

The spindle for the second division resembles that of the first, but with more 
sharply delimited and acuminate ends. Again chromosomal fibers alone are formed, 
neither continuous fibers nor astral rays being present (Figs. 15 and 16). The 
sex chromosome comes to lie either on the edge of the equatorial plate, or more 
frequently nearer to one pole, but always close to the spindle. It shows no tendency 
toward division, produces no chromosomal fibers, and passes usually in advance of 
the autosomes undivided to one pole. Second telophases show the expected two 
categories of spermatid nuclei—those with six autosomes and the X (Fig. 17) 
and those with six autosomes only (Fig. 18). 


f. Quadrinucleate spermatids. 


With the formation of a membrane around the spermatid nucleus the chromo- 
somes again assume a peripheral position under it (Fig. 19). A cytoplasmic 
fusion of the spermatid cells in groups of four now takes place. Each resultant 
quadrinucleate spermatid contains, invariably, two of the six-chromosome and two 
of the seven-chromosome nuclei (Fig. 19). It follows that the four nuclei involved 
thus almost certainly represent the products of a single primary spermatocyte. 
The short centrally directed stalk often visible in the body of the quadrinucleate 
cell further suggests that the meiotic divisions may not have been quite complete 
cytoplasmically. If the products of the two divisions retain a connection through a 
common stalk a limiting factor in the fusion would be provided. Such a mech- 
anism, it will be recalled, has been demonstrated in other coccids (F. Schrader, 
1931, Hughes-Schrader, 1931). Later stages in sperm formation show the pro- 
gressive development of all four components of the quadrinucleate spermatid. 
There is no evidence of any degeneration or loss of nuclei and apparently four 
normal sperm are formed from each quadrinucleate spermatid. 


CoMMENT 


Cytologically Puto sp. stands out as a persistently primitive type among 
coccids thus far studied. This is evident in the absence of hermaproditism and of 
parthenogenesis and in the retention by both male and female of a normal meiosis. 
Its relatively generalized chromosome cycle is most nearly approached by the more 
primitive species of the llaveiine tribe of the family Margarodidae. Taxonomically 
the Margarodidae and the Ortheziidae constitute the most primitive subdivision of 
existing coccids; they are set off from all other families by such primitive traits 
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Ficures 11-19. Interkinesis and second meiotic division in male, 

Ficure 11. Late telophase I with separation of chromatids underway; spindle rest of first 
division at lower left. 

Figure 12. Early interkinesis; complete separation of chromatids. 

Ficure 13. Reassociation of chromatids in pairs; spindle rest usually present at this 
stage not included in section. 

Ficure 14. Polar view of second metaphase. 

Figure 15. Lateral view of same; X chromosome close to spindle at equator. 

Ficure 16. Early second anaphase; X chromosome near spindle, off equator. 

Ficure 17. Second telophase, with 6 autosomes and X chromosome. 

Ficure 18. Same, with 6 autosomes only. 

: Ficure 19, Quadrinucleate spermatid, with two nuclei showing 7 and two 6 chromosomal 

masses. 
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as the retention (with a few specialized exceptions) of abdominal spiracles in all 
stages and well developed compound eyes in the adult males. Their closest rela- 
tives among other coccids are to be found in the Pseudococcidae—of which Puto 
constitutes the probably most primitive genus—linking the pseudococcid and 
ortheziid stems (Morrison, 1928, and personal communication ). 

The persistence in the family Pseudococcidae of so primitive a type of chromo- 
some cycle as that of Puto has especial interest in view of the highly specialized 
male meiosis of the other pseudococcids thus far investigated. These comprise 
several species of Pseudococcus (Schrader, 1921, 1923a and b), and Phenacoccus 
acericola (Hughes-Schrader, 1935). These are jointly characterized by a per- 
sistent heteropycnosis of one haploid set of chromosomes in the male, by segregation 
without synapsis, and by the degeneration of the spermatid nuclei derived from the 
heteropycnotic complement. Similar conditions are encountered in Gossyparia 
spuria of the family Kermidae (Schrader, 1929) and in Lecanium hesperidum and 
L. hemisphaericum of the Coccidae (Thomsen, 1927, Suomalainen, 1940). While 
Puto throws no light on the origin of these specializations, the existence of the 
XX - XO sex chromosome mechanism in a primitive pseudococcid is highly signifi- 
cant, indicating that the male is primarily the heterogametic sex in this group. 
Its presence alike in Puto and the primitive llaveiines may well mean that it also 
represents the primitive condition for coccids as a whole. Its loss, and the substitu- 
tion of alternative mechanisms—(haplo-diploidy in the Iceryini and the as yet 
unsolved sex determining mechanism of Pseudococcus, Phenacoccus, Gossyparia, 
and Lecanium in which both sexes originate from eggs fertilized by one class of 
sperm only )—have occurred in all other forms thus far investigated. Homogamety 
of the female relative to sex is indicated by the fact that in all cases the eggs of 
diploid-parthenogenetic females and of self-fertilized hermaphrodites (basically 
female in constitution) give rise exclusively to females. 

The curious cytoplasmic fusion of spermatids in groups of four appears to be of 
very early origin in the coccid stem for it is found in every species thus far studied. 
Even the haploid males of the Iceryini with only one meiotic division retain the 
habit, producing binucleate spermatids. Multinucleate spermatids have been de- 
scribed in certain spiders by Wagner (1896). He reports variation within the 
individual and among species; the binucleate and quadrinucleate condition is 
frequent and higher multiples are occasionally encountered. Later authors have 
not dealt with the problem in detail but incidental observations (Wallace 1905, 
Boésenberg, 1905, and Chickering and Hard, 1935) indicate that cell bridges 
containing spindle remnants frequently persist between spermatids. Incomplete 
cytoplasmic division and multinucleate cells probably form the basis for certain of 
Warren’s (1928, 1931) claims of amitosis in spider spermatogenesis. In the 
coccids no variation among species nor within the species or the individual has 
been observed. The fusion is always limited to the derivatives of each primary 
spermatocyte. The limiting factor appears to be the persistence, in the radially 
arranged cells of each cyst, of a centrally directed stalk from each spermatocyte— 
a stalk never completely severed during the meiotic cell divisions. 

A significant feature of male meiosis in Puto is the complete separation and 
subsequent realignment of the chromatids during interkinesis. As already pointed 
out, this separation breaks the terminal association between homologous chromo- 
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somes which persists throughout the first division, and the realignment side by 
side ensures segregation at the second division. This type of meiosis, with its 
characteristic and essential orientation of the bivalents at first metaphase, is found 
in all the more primitive of the lIlaveiine coccids (Llaveia, Llaveiella, and 
Nautococcus—Hughes-Schrader, 1931, 1940, 1942). Although the meiotic figures 
of the female Puto are too small for critical analysis, it is significant that in the 
females of Pseudococcus citri (Schrader, 1923a) and Lecanium hesperidum 
(Thomsen, 1927), which in contrast to their highly specialized males retain an 
otherwise orthodox meiosis, the same separation and realignment of chromatids 
for the second division take place. Its occurrence in the unspecialized Puto male 
further confirms the conclusion that this type of meiosis is a primitive character for 
the coccids as a whole. Ris (1942), who first pointed out the significance of these 
phenomena, presents convincing evidence that the same type of meiosis obtains in 
aphids also, and must thus have differentiated after the Sternorhyncha had sep- 
arated from the auchenorhynchous Homoptera. Incidentally it is of interest that 
the secondary pairing involved in this type of meiosis may well have played a role 
in the evolution of asynapsis among the lIlaveiine coccids. With the renewed 
operation of the pairing force just prior to the second division, asynaptic chromo- 
somes which have divided separately and equationally during the first division, 
are brought together briefly at second metaphase and undergo a normal segregation. 
Thus in the llaveiine coccids asynapsis has been free to evolve without its usual 
sequelae of meiotic irregularities. Secondary pairing, while completely independent 
in its origin, here incidentally operates as a mechanism stabilizing asynapsis. 


SUMMARY 


A primitive chromosomal cycle possibly archetypal for coccids is reported for 
Puto sp. of the family Pseudococcidae. There is no hermaphroditism nor any 
cytological evidence for parthenogenesis. The diploid chromosome number is 14 
in the female, 13 in the male. Somatic mitosis is of the type characteristic for 
chromosomes with diffuse kinetochore. Meiosis is regular in both sexes. In the 
male it can be demonstrated to adhere to the coccid-aphid type, with: (a) the first 
division equational for non-crossover regions; (b) separation of chromatids and 
their secondary pairing during interkinesis, and (c) segregation of non-crossover 
regions in the second division. An XX-female, XO-male sex determining 
mechanism is present. Quadrinucleate spermatids are formed. This is the only 
coccid thus far reported with a simple and orthodox meiosis in both sexes. 
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ECOLOGICAL OBSERVATIONS ON TWO PUERTO-RICAN 
ECHINODERMS, MELLITA LATA AND 
ASTROPECTEN MARGINATUS 


ROMAN KENK 


Department of Biology, University of. Puerto Rico 


I. Mellita lata H. L. Clark 


In 1941 Dr. Henry van der Schalie collected two tests of keyhole urchins 
(Mellita) on the beach near Loiza Vieja, Puerto Rico. The tests were later ex- 
amined by Dr. Hubert Lyman Clark,’ who recognized them as Mellita lata H. L. 
Clark, a species recently described by him (Clark, 1940) and known previously 
only from two localities—Puerto Limdén, Costa Rica, and La Mancha, Veracruz, 
Mexico. According to Clark (1933) two species of Mellita occur in Puerto Rico— 
M. quinquiesperforata (Leske) and M. sexiesperforata (Leske). The latter, how- 
ever, is now placed in the genus Leodia Gray. The records of M. quinquiesper- 
forata are all based on the collections of the “Fish Hawk” expedition which took a 
total of ten specimens at Ponce, Arroyo, Mayagiiez, Puerto Real, and in San Juan 
Harbor. The collection was studied by Clark (1901) and the specimens were as- 
signed to the species Mellita testudinata Klein (a synonym of M. quinquiesper- 
forata) which name was, at that time, used for all five-lunuled members of the 
genus Mellita from the eastern coasts of the Americas. 

Clark’s recent revision (1940) of the genus Mellita segregates several new 
forms from the old group of M. quinquiesperforata. In the light of this critical 
study, the Puerto-Rican form is now to be transferred to the species M. lata. 

This species ranks among the most common echinoderms of Puerto Rico. It 
occurs on sandy beaches along the entire circumference of the island. In addition 
to the localities listed by Clark (1901, p. 254), it has been found in the following 
places : 


(1) Beach east of the mouth of Herrera River, east of Loiza Vieja, P. R. 
Several tests on the sand (coll. H. van der Schalie and the author). (MCZ 
No. 79727). 

(2) Beach about % mile west of Punta Embarcadero, northwest of Luquillo, 
P. R. Very numerous in shallow water. (MCZ No. 7997). 

(3) Beach about 14 mile southwest of Punta Santiago, Playa de Humacao, 
east of Humacao, P. R. Dry tests on shore and living animals in shallow 
water. (MCZ No. 7984). 

(4) Beach at Las Mareas, 4 miles southwest of Guayama, P. R. (or 1 mile 


1This study was begun at the suggestion of Dr. Clark, who desired to obtain additional 
specimens of this seemingly rare form from Puerto Rico, and asked me to gather more 
information on its distribution and ecology. I am grateful to Dr. Clark for his continued interest 
in this work. 

2 Collection of the Museum of Comparative Zoology, Harvard University. 
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northeast of Punta Ola Grande). Numerous specimens, close to shore 
(coll. Gloria Fernandez). (MCZ No. 7998). 

(5) Beach near Central Boca Chica, Barrio Cintrona, about 6 miles east of 
Ponce, P. R. Four specimens, rather fresh, dead on the beach. (MCZ No. 
7986). 

(6) Playa de Mani, 3 miles north-northwest of Mayagtiez Harbor, P. R. Five 
fresh tests on the sand. (MCZ No. 7988). 

(7) Beach at Punta Cadena, 6% miles west of Afiasco, P. R., in shallow 
water (coll. Carlos F. Blanco). (MCZ No. 7990). 

(8) Columbus Park, % mile south of Aguadilla, P. R. Very numerous in 
shallow water, 114 to 2 feet. (MCZ No. 7989). 

(9) Catafio Beach in San Juan Bay, 2 miles southwest of San Juan, P. R. 
(MCZ No. 7999). 

(10) Isla Verde, east of San Juan, P. R. Three specimens from the collection 
of the Department of Biology, University of Puerto Rico. (MCZ No. 
7973). 


In several of these localities, the animals are exceedingly numerous. This 
may be said, in particular, of Luquillo Beach where they were found to be most 
abundant close to shore, just below the zone of moving sand, at depths of from 
one to three feet. Up to 16 animals were counted in a square-foot area. 

The people of the island coast, including fishermen, pay little attention to the 
animal and have no particular name for it. In two places, Humacao and Aguadilla, 
I heard them referring to Mellita as “estrella” which means star and is also the name 
used generally for sea-stars. Apparently the use of the name is due to the radial 
pattern of the oral surface. 

A general description of the morphology of Mellita lata was given by Clark 
(1940, pp. 437-438, and pl. 60, fig. 1; pl. 61, fig. 1; pl. 62, figs. 1,2). The species 
is characterized mainly by its elliptical shape, the width exceeding the length con- 
siderably ; by the anterior situation of the apex; by the dimensions and the shape of 
the lunules ; and by the large heads of the capitate aboral primary spines. 

Color of the living animal_—The aboral surface is dark grayish olive-green. 
The oral side (Fig. 2) has a remarkable color pattern. In animals from Luquillo, 
the ambulacral areas are usually dark wine-red, occasionally dark purple, or more 
rarely a lighter shade of red. Lighter (pinkish), narrow, somewhat branched 
bands radiate from the peristomial margin towards the inner ends of the paired 
lunules (I, II, IV, and V) and similarly in the anterior midline (III) towards the 
anterior margin. More irregular light patches and stripes, extending in a trans- 
verse direction, occur on both sides of the unpaired lunule. In specimens taken at 
Aguadilla, however, the ambulacral areas were brown, the shade ranging from 
deep yellow-brown to red-brown, and the lighter bands and patches were in a light 
brown hue. The interambulacra are covered with silvery, translucent spines and 
appear whitish or light pink. 

The color of the dark areas of the oral surface is due mainly to the coloration of 
the numerous tube feet and that of the periproct with the anal tube. In other 
places, the epidermis has a light pink or yellowish color. 

After the spines and the epidermis of a fresh specimen are removed, the following 





Figure 1. Behavior of Mellita lata meeting obstacles while digging into the sand: 
(a), successive positions at running against stick placed vertically in the path of movement, to 
one side of the midline; (b), stick placed vertically in the center of path; (c), vertical board 
placed transversally to the direction of movement; (d), vertical board placed obliquely in the 
path of movement. 
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color pattern is seen on the exposed test: Aboral side—blue-green; oral side— 
ambulacral areas brown and the interambulacra white, pink, or light yellow. 

The dark coloring matter of the oral side is extracted by the common 
preservatives (alcohol, diluted formalin) in a very short time. 

The anus is situated as the end of a short tube (about three millimeters long 
in fully grown animals) and is surrounded by small, irregular papillae. The 
tube feet are closely packed in the ambulacral areas, except in the radial bands of 
lighter color. Moreover they are found along+he margins of all lunules, including 
the posterior or interambulacral lunule, and also among the marginal spines 
of the entire circumference. 

The oral side has three kinds of spines which may be roughly grouped as 
follows: Long, slender spines of the interambulacra (these are the ones responsible, 
together with the marginal spines, for the locomotion of the animal) ; medium- 
sized spines scattered over the ambulacral areas; and short spines of the ambulacral 
surfaces, particularly flanking the ambulacral furrows. No pedicellariae were seen. 

Ecology.—The animals live buried in the uppermost layer of the sand in such 
a manner that usually only the posterior lunule, with a small part of the posterior 
surface and of the posterior margin, is visible. Occasionally, also lunules I and V 
may be exposed. Only exceptionally is the contour of the entire animal discernible. 
They move continuously through the sand, their speed varying from 11 to 26 
millimeters per minute. 

Experiments on locomotion.—Several individuals were placed on a layer of sand 
in a flat pan filled with sea water. At first the animals remained quiet and no move- 
ment of the marginal spines was seen from the aboral side. After a short time— 
a few seconds up to perhaps one minute—they began to move forward, first in 
small jerks and later in continuous movement. They dug obliquely into the sand 
and disappeared from the surface within a short time, in from one to about four 
minutes (see Table I and Figs. 4a to 4e ). 


TABLE I 


Time required by Mellita lata to dig in completely. Temperature, 28° C. 


Time required 
Length in 
millimeters 


Specimen 


First trial Second trial 


min. 20 sec. 1 min. 30 sec. 
min. 25 

min. 30 sec. 1 min. 45 sec 
min. 05 sec 

min. 40 

min. 20 sec. 3 min. 20 sec. 
min. 05 
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As the animals move in a forward direction, they need a “runway” of a certain 
length to dig in successfully. Two specimens placed in a jar with a diameter of 
about 90 millimeters, were moving around continuously, for hours, but were always 
on the surface of the sand. 

During the digging process, the animals do not react to such mechanical 
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2. Mellita lata H. L. Clark, oral side, natural size. 
Ficure 3. Astropecten marginatus Gray, aboral side, % natural size. 


FIGURE 
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stimuli as tapping the exposed surface with a wooden stick, but continue their 
locomotion without interruption and at an even rate. If the tapping is so strong 
as to dislodge the animal from its hold in the sand, the movement is stopped for 
a short time, to be soon again resumed in the usual way. 

The following four experiments have been conducted repeatedly to determine 
the behavior of a digging animal meeting obstacles placed in its way: 

(a) If a stick is placed vertically before the animal, to one side of the midline 
(Fig. la), locomotion is almost stopped when the animal reaches the obstacle, 
but the rhythmical movements of the spines continue. Slowly the animal works 
its way around the stick keeping its original orientation all the time (i.e., the 
antero-posterior axis remains parallel to the original direction of motion as the 
animal shifts to the right or left, depending on the location of the obstacle with 
respect to the midline). 

(b) When a stick is placed vertically at the center of the frontal margin 
(Fig. 1b), the animal at first stops its locomotion, but continues to niove its spines. 
Within a short time, the pushing of the spines of one side—the right or the left— 
prevails and the animal turns slowly towards the weaker side. It then continues 
to move with an orientation of the axis which is at a slight angle to the original 
direction. 

(c) Ifa vertical board is placed transversely in the path of movement (Fig. 1c), 
the animal continues the movement of the spines upon reaching the plane. Slowly 
it turns to the right or left, for approximately 16 degrees. Then it continues 
moving laterally along the plane, at a very slow rate, but retains the axis constantly 
in the new orientation. 

(d) When a vertical board is placed obliquely (at an angle of less than 74 
degrees) in the path of the movement (Fig. ld), the animal continues to move, 
at very slow speed, towards the open side, without rotating its antero-posterior axis. 

If two animals collide, head-on, while digging into the sand, the stronger indi- 
vidual may push the weaker one back for a short distance. Finally, one of the 
animals usually crawls over the top of the other. It is obvious that, on account of 
the great density of the Mellita population on some beaches, such meetings must be 
of very frequent occurrence. 

If an animal is placed on the sand, oral side up, in quiet water (e.g., in a shallow 
dish), it is capable of very slow forward movement, but it neither can turn into its 
normal position nor dig into the sand. In moving water, however (in the wave 
zone of the beach), it is soon turned over by the current and then remains in its 
right position. This recovery is obviously due to the general shape of the body 
(concave oral surface, convex aboral side). 

One specimen of Mellita lata was placed in a glass dish containing sea water 
and a very thin layer of sand, so that it could be observed from both the oral 
and aboral sides. It could be seen that the locomotion is accomplished by 
rhythmical movements of the long spines of the body—the marginal spines, spines 
of the interambulacra 1, 2, 3, and 4, and the spines of the fields on both sides of the 
posterior lunule (5). The movement of the spines in each area is metachronal, 
progressing like a wave in a wheat field. The rate of beating is approximately the 
same in all areas, about 35 strokes per minute in the animal examined (at 26.5° C.). 

Little is known so far about the ecology and the locomotor activities of allied 
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species of the family Scutellidae or sand-dollars. Observations by Pearse et al. 
(1942, p. 150) on Mellita quinquiesperforata (Leske) at Beaufort, North Carolina, 
indicated a behavior rather different from that exhibited by our species: “The sea 
urchins, Moira and Mellita, also move almost directly downward by rapidly waving 
their spines and tube feet so as to move sand from underneath their tests toward the 


Figure 5. Photographs of stropecten marginatus digging into the sand, taken at various 
times after the beginning of the movement: (a), at start; (b), after 25 seconds; (c), after 45 


sec.; (d), after 65 sec. 


margins; then move it from the margins so as to cover the upper surface; 
neither sea urchin makes progress anteriorly as it descends.” This mode of movement 
appears, however, to be exceptional among the sand-dollars. Generally they burrow 
in a forward direction as M. lata does. This method of burrowing has been 
observed in Leodia sexiesperforata (Leske) by Crozier (1920) ; in Echinarachnius 
parma (Lamarck) by Parker (1927) and Parker and van Alstyne (1932) ; and in 
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E. mirabilis (A. Aggassiz) and Astriclypeus manni Verrill by Ikeda (1939, p. 77). 
In the speed of burrowing, M. lata exceeds all its relatives that have so far been 
observed. Leodia sexiperforata is reported to disappear in the sand in “less than 
15 minutes” (but may require two or three times that long), and Echinarachnius 
parma in 10 to 20 minutes. 

Rotating movements, either a turning movement with the mouth as center, or a 
swinging of the anterior end to the right or left during forward locomotion,’ have 
been reported in all species so far studied. M. lata, however, seems to lack this 
type of movement, or at least does not exhibit it to a noticeable degree. The body 
axis is turned only when the animal encounters an obstacle to its forward move- 
ment. Horizontal locomotion in a backward direction, such as Ikeda reported for 
Echinarachnius mirabilis and Astriclypeus manni, has not been observed in M. lata. 
Our form also lacks the ability to right itself after having been placed on the sand 
oral side up, while related species generally possess this ability. 

One is tempted to correlate the shape of the test of Mellita lata with the normal 
locomotion of the animal, in the uppermost layer of the sand. In a median section 
through the animal, the greatest height is seen nearer to the anterior margin. 
The median section thus has a “streamlined” contour. This is obviously the 
contour that offers the least resistance to the forward movement. With regard 
to this streamlined shape, the species /ata, as well as M. longifissa Michelin and M. 
latiambulacra H. L. Clark in which the general form is similar, appear to be more 
highly specialized and better adapted to their peculiar way of living, than are other 
species of the genus Mellita in which the apex has a more central position. 


II. Astropecten marginatus Gray * 


Clark (1933, pp. 16-19) listed two species of Astropecten from Puerto Rico, 
duplicatus Gray and another species that he had originally (1901) called 
. antillensis Litken, but that he later was inclined to consider identical with 
. articulatus (Say). While observing Mellita lata, I found, in the same habitat, 
A. marginatus Gray, a species hitherto unrecorded in the Greater Antilles. It was 
identified by H. L. Clark. 

A. marginatus (Fig. 3) was repeatedly collected at Luquillo Beach, about 
one-half mile west of Punta Embarcadero, northwest of Luquillo, Puerto Rico. It 
lives there buried in the sand and shares its habitat with the much more abundant 
keyhole urchin. It does not come as close to shore as Mellita does, but is more 
numerous in the deepest water accessible by wading (four to five feet). In the 
collection of this sea-star I was very ably assisted by Mr. Victor A. Marcial. The 
animals were obtained by probing the sand with the hands or feet while wading. 
Only a few were seen on the surface of the sand. Several specimens were de- 
posited in the Museum of Comparative Zoology, Cambridge, Massachusetts (Nos. 
4109, 4110, 4113 and 4114). 

The known geographic range of A. marginatus comprises the coasts of Vene- 
zuela, Trinidad, Guiana, and Brazil as far south as 27° 30’. It appears, therefore, 
probable that the species reached Puerto Rico via the Lesser Antilles, an assumption 
that Dr. Clark would extend also to Mellita lata.* 


me ea ee 


3 Gray, 1840, Ann. Mag. Nat. Hist., 6: 181. 
* Personal communication. 
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Color in life-—In a great majority of about 30 specimens collected, the aboral 
side was a beautiful blue-green, of various shades, darkening towards the tips of 
the arms. This color extended both over the superomarginals (with their marginal 
spines) and the paxillar area. The center of the disk had a small, round brownish 
spot. Only two individuals exhibited an aberrant coloration, a yellow-brown 
aboral surface. The oral side is creamy white, with the ambulacral feet showing 
a very faint tint of brown. 

The blue-green coloring matter of the aboral side is remarkably unstable. 
When animals were placed in alcohol, they rapidly turned brown-yellow. This 
change was clearly visible within one minute. Later the brownish color dissolved 
and stained the alcohol, while the specimens became white. In diluted formalin the 
color is altered more slowly, but is lost within a few days. It is possible that the 
green and brown coloring materials represent only modifications of the same pig- 
ment. If so, the two brown specimens mentioned may not be as strikingly 
aberrant as they would otherwise appear to be. 

Freshly caught specimens, placed in a dish filled with sea water and sand, 
move at first rather fast over the surface of the sand, preferably along the walls 
of the dish. In this movement, the body is lifted up and supported by the tube 
feet in the way repeatedly observed in other species of Astropecten (Romanes and 
Ewart, 1882, p. 839, etc.).° Later, they come to rest, usually in a corner. After 
staying there for a time, they begin to dig into the sand, perpendicularly and 
simultaneously with all five arms. Figures 5a to 5d show successive stages of this 
digging activity. The process is surprisingly fast and the animal photographed 
would have been completely covered within one minute, had it not reached the 
bottom of the dish and come to rest when the ends of the arms and the central part 
of the disk were still exposed. 

The digging is done by movements of the tube feet. At first, the margins of 
the arms are bent upwards rather steeply, so that the marginal spines assume a 
vertical position. The paxillar area of each arm is folded into a deep furrow and 
the arm becomes very narrow. Then sand is seen coming up from the deeper 
layers along the margins of the arms. 


SUMMARY 


The common Puerto-Rican keyhole urchin, Mellita lata H. L. Clark, and the 
sea-star, Astropecten marginatus Gray, live in the uppermost layers of the sand of 
shallow beaches. The color in life, and various locomotor activities of the two 
species are described. 
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INTRODUCTION 


The food-vacuole in the Peritricha was probably first seen in Vorticella sp. by 
Ehrenberg in 1830. Since then it has been observed in many different species by 
various investigators but it has not been intensively studied in any. There are 
consequently a number of unsolved problems concerning it. Some of these prob- 
lems are considered in the following pages. 


MATERIAL 


Observations were made on the following species: Epistylis plicatilis (hren- 
berg), Campanella umbellaria (Linnaeus), Campanella tincta (Stokes), Vorticella 
microstoma (Ehrenberg), Vorticella similis (Stokes), Vorticella convallaria 
(Linnaeus), Vorticella campanula (Ehrenberg), Carchesium epistylis (Claparede 
and Lachmann), Zoothamnium arbuscula (Ehrenberg) and Ophrydium ectatum 
(Mast, 1944). 

It was found that the internal structure can be more clearly seen in Vorticella 
similis and Campanella umbellaria and tincta, than in any of the other species. 
These three species were consequently much more thoroughly studied than the 
others. The specimens of Campanella tincta used were collected by Dr. A. 
Dawson in a pond containing much Elodea in the vicinity of New York City and 
shipped to Woods Hole where they lived well in the laboratory for more than a 
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week. Nearly all were attached to the stems and leaves of Elodea and most of 
them were single. Campanella umbellaria was found in abundance in a shallow 
ditch in a peat marsh adjoining a small lake known as Sol’s pond about one mile 
northeast of Falmouth, Mass. The water in this ditch was covered with 
duckweeds (Lemna) and was distinctly acid (pH 6.2) but clear. Ehrenberg 
(1838) and Greeff (1870-71) called this organism Epistylis flavacans. 

The two species of Campanella studied were practically the same in form, 
gross structure, size, formation of colonies and behavior, but the former had six 
double rows of cilia on the peristome, was grayish in color, owing to numerous 
conspicuous granules, and was found chiefly on Elodea, while the latter had only 
four double rows of cilia, was distinctly yellowish in color, had no conspicuous 
granules, and was found chiefly on Lemna. 

Vorticella similis was found in abundance attached to duck-weeds in a pond 
which contained all sorts of refuse including much ashes. The water in this pond 
was continuously distinctly alkaline, usually pH 8.2. Most of the specimens used 
were, however, obtained from laboratory cultures. They thrive indefinitely in 
boiled tap-water containing crushed hemp seeds (two seeds in 50 cc. in a finger 
bowl) if the solution is renewed about once a week. In the pond they were always 
found very near the surface and in the laboratory they grew well only in shallow 
water. They apparently require an abundance of oxygen. 


STRUCTURE OF THE FEEDING APPARATUS 
Introduction 


All observers agree that the feeding apparatus in the Peritricha contains a 
ciliated tube which is connected with the peristome, that this tube consists of an 
outer part in which the cilia produce an ingoing and an outgoing current and an 
inner part in which they produce only an ingoing current, and that the fecal sub- 
stance and the content of the contractile vacuole are discharged into the outer part. 
There is, however, much variation in the names applied to these two parts and great 
diversity of opinion concerning the structure of the cytoplasm beyond the distal end 
of the inner part, as set forth in the following paragraphs. 

The outer part is called “buccal cavity’ by some, “vestibulum” by others and 
“vestibule” by still others. The outer opening of this part is called “mouth” by 
some, and the inner opening is called ‘“‘mouth” by others. The inner part is called 
“pharynx” by some, “cytopharynx” by others and ‘“‘oesophagus” or gullet by still 
others. Some hold that it opens directly into the cytoplasm, others that it does 
not. We shall call the outer part “vestibulum,” the inner part “pharynx,” and the 
outer opening of the vestibulum “mouth.” 

Ehrenberg (1838) concludes, on the basis of the direction of the movement of 
the food-vacuoles through the cytoplasm, that the pharynx opens into a tube or 
gut which extends through the cytoplasm to the anus in the wall of the vestibulum. 
Koehring (1930, p. 55) supports this conclusion. She could not see a differentiated 
tube in the cytoplasm but she says that the “orderly course” of food-vacuoles in 
Vorticella sp., and other evidence, indicates that there is a “digestive system in 
ciliates, comparable to the digestive system of many metazoan organisms.” Greeff 
(1870) could find no evidence of a digestive system in the peritricha but he main- 
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FIG. 3 


Ficure 1. Camera outline of Campanella umbellaria. Pe, peristome containing six double 
rows of cilia, not shown; V, Vestibulum; P, pharynx; PR, pharyngeal ring; OS, oesophageal 
sac; OF, oesophageal fibers; N, nucleus; CV, contractile vacuole. 


Ficure 2. Camera sketch of a portion of the feeding apparatus in Campanella umbellaria 
greatly compressed. P, pharynx; PR, pharyngeal ring; OS, oesophageal sac; OF, oesophageal 
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tains that in at least some of them (Campanella umbellaria) the pharynx opens 
into a funnel-shaped structure (“der Trichter”) which in turn opens into a tube 
(“Oesophagus”) but that this tube opens directly into the cytoplasm near the 
posterior end of the body, not into the vestibulum near the anterior end. Schroder 
(1906) says he observed such a tube in Epistylis plicatilis and Vorticella monilata 
as well as in Campanella umbellaria and Kahl (1935) concludes that it is present 
in all the Peritricha. Greenwood (1894) and Kitching (1938) were however 
unable to find any indication of it in any of some ten species studied. 


Material and methods 


Observations were made on the structure of the feeding apparatus in all the 
species listed above but certain parts of it could be more clearly seen in the two 
species of Campanella than in any of the others. No difference was found in the 
feeding apparatus in these two species. They were consequently used indiscrimi- 
nately. Both contain so much opaque substance that their internal structure 
cannot be made out under normal conditions. It was found, however, that, owing 
to their tough elastic surface membrane, they can be greatly compressed without 
injury and that this greatly facilitates observations on their structure. 

The observations were made as follows: A small unattached colony in tap-water 
containing a little powdered carmine, was mounted under a cover-glass supported 
by two small parallel ridges of vaseline. Water was then very slowly removed with 
a strip of filter paper until the campanellae were compressed as much as desired. 
During this process they were closely observed under low and high magnification. 
In some preparations the organisms were fixed by drawing Schaudinn fluid and 
alcohol under the cover-glass. However, this did not facilitate observations on 
the structure. Compensating oculars (10, 15 and 20x), apochromatic objectives 
(10, 20 and 40x dry and 60x oil immersion, n. ap. 1.4), an achromatic condenser 
and a concentrated filament lamp, with ground glass ray-filter and an iris diaphragm, 
were used in all the observations. 


Results 


The results obtained are presented in Figures 1 and 2 and the following para- 
graphs: These figures show that the wall of the pharynx in Campanella is con- 
siderably thicker at the distal end than elsewhere and that attached to this end 
there are several fibers which converge as they proceed and soon form a bundle 
which extends through the cytoplasm nearly to the posterior end of the body. The 
thickened end of the wall of the pharynx forms a definite ring which is highly 
refractive and distinctly yellowish in color. We have designated it the pharyngeal 
ring and the fibers attached to it, the oesophageal fibers (Fig. 2). The oesophageal 
fibers can be seen near the ring only under occasional circumstances and then not 


fibers; CV, contractile vacuole; F,-/;, food-vacuoles, showing change in shape and size; 
W, membrane at the surface of the body. 

Figure 3. Camera outline of an optical section of Vorticella similis. V. vestibulum; P, 
pharynx; PR, pharyngeal ring; OS, oesophageal sac; OF, oesophageal fibers; F,-F;, food 
vacuoles, showing change in form and size; small dots, bacteria and granules; large dots, 
yeast-cells (The body contains numerous food-vacuoles and granules not represented). 





192 MAST AND BOWEN 


very distinctly. They can however be seen definitely in the bundle but they 
cannot be clearly differentiated because they are superimposed and close together. 
Seven were definitely seen in one bundle and three to five in others. There probably 
are a few more than seven and they probably are equally spaced in their attachment 
to the pharyngeal ring. In some specimens the bundle was spread out considerably 
at the end forming a brush. In specimens which have been compressed and killed 
under a cover-glass the oesophageal fibers remain intact for several days if the 
preparation is sealed with vaseline and kept in a damp chamber and they do not 
decrease appreciably in distinctness for at least two days. 

No activity was seen in the oesophageal fibers except in one specimen. This 
specimen was greatly compressed. The cytoplasm in it had gathered around an 
irregular cavity at the end of the pharynx. The cilia in the pharynx were still 
active and were forcing fluid into this cavity, which was abnormally large so that 
the oesopageal fibers were much distorted in their arrangement and in their 
connection with the pharyngeal ring. Three of these fibers, only slightly 
separated from each other, extended through this cavity near one side and then 
joined the rest in the bundle. Waves were definitely seen to pass synchronously 
along these three fibers, from their attachment to the ring, on into the bundle. 
This activity continued, however, only a few moments after which the entire 
organism appeared to be dead. 

Numerous attempts were made to reproduce the conditions under which this 
was seen but without success. In one specimen, however, in which an irregular 
cavity had formed at the end of the pharynx, six inactive oesophageal fibers were 
seen to extend from the pharyngeal ring through the cavity. The physiological 
state necessary for activity in these fibers probably continues such a short time 
after the campanellae are compressed that it is rarely encountered. 

Oecsophageal fibers were seen in all the other species studied and a pharyngeal 
ring in several. The fibers were fairly distinct in Vorticella similis (Fig. 3), 
Epistylis plicatilis and Ophrydium ectatum (Mast, 1944), but they could not be 
counted with certainty in any of them, although seven were distinctly seen in one 
ophrydium and five in one vorticella. There doubtless are more, probably about ten. 

Numerous specimens of Vorticella similis were fixed (some in hot Schaudinn 
and others in hot Bouin fluid) stained with Heidenhain haematoxylin, and sec- 
tioned (3,5, 7 and 10”). Those fixed in Bouin fluid were much better than those 
fixed in Schaudinn, but the oesophageal fibers could not be as distinctly seen in 
either as in living specimens. 

There was no indication of an oesophageal tube in any of the species studied. 
If there actually is such a tube the fibers observed must be in its wall. There is, 
however, considerable evidence (presented later) which opposes this supposition. 
There is, then, in the results obtained no support for the views of Ehrenberg and 
Koehring or Greeff and Schroder presented above. 

Fibers extending from the pharynx have been seen by Schuberg (1890) in 
Stentor, Sharp (1914) in Diplodinium, Andrews (1923) in Folliculina and Bozler 
(1924) and Lund (1941) in Paramecium. Schuberg and Andrews maintain that 
the fibers are in the wall of an oesophageal tube. Sharp, Bozler and Lund main- 
tain that they extend directly through the cytoplasm. The views concerning their 
function vary greatly. 
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FORMATION AND MOVEMENT OF THE FOOD-VACUOLES 


It is well known that in the peritricha the food-particles aggregate at the distal 
end of the pharynx, but opinions differ as to how the food-vacuoles are formed and 
transported through the cytoplasm. 

Numerous observations were made on the process of feeding in many speci- 
mens of Campanella umbellaria and tincta and Vorticella similis under various 
conditions, and on a few specimens of each of the other species listed above. The 
results obtained in the observations on Campanella led to the following conclusions : 

When the organisms are not feeding there is at the distal end of the pharynx a 
cone-shaped space filled with culture fluid and particles suspended in it. At the 
surface of this space there is a membrane in the form of a cone-shaped sac which 
we shall call the oesophageal sac (Fig. 2). This membrane is doubtless produced 
by the interaction between the fluid in the space and the adjoining cytoplasm. 
Pharyngeal cilia project into the sac and the oesophageal fibers pass from the 
pharyngeal ring over its surface to its apex where they unite to form a bundle 
which passes on into the cytoplasm. When feeding begins the pharyngeal cilia 
force more culture fluid and particles into the oesophageal sac. This stretches 
the membrane around it, but continuous interaction between the fluid in it and the 
adjoining cytoplasm prevents this membrane from becoming too thin. As the sac 
enlarges it becomes spindle-shaped, owing to unequal pressure of the oesophageal 
fibers and possibly the adjoining cytoplasm on different regions of its surface. 
Under normal conditions enlargement continues until the sac is nearly twice as wide 
as the pharynx, then a constriction begins to form near the pharyngeal ring. This 
constriction increases until a spindle-shaped portion of the sac is pinched off, 
leaving a cone-shaped portion attached to the pharynx, the same in shape and 
size as that which obtained before feeding began (Fig. 4 A-E). The spindle-shaped 
portion is a new food-vacuole. There is no perceptible change in size of the pharynx 
or the pharyngeal ring during this process. These structures are consequently 
not directly involved in the formation of the food-vacuole. 

The newly formed food-vacuole moves rapidly through the cytoplasm to the distal 
end of the oesophageal fibers. Here it remains a few moments, usually turning 
sharply, then it proceeds slowly with the cytoplasm on an indefinite course, ending in 
the lower part of the vestibulum where its indigestible content is discharged. 
Its slow movement is obviously due to the movement of the cytoplasm in which it 
is suspended, i.e. to cytoplasmic streaming, but during its rapid movement definite 
currents are produced in the adjoining cytoplasm, showing very clearly that this 
movement is not due to cytoplasmic streaming. 

The constriction in the oesophageal sac is probably due to simultaneous inward 
pressure, in the same region, of the oesophageal fibers on its surface; and the food- 
vacuole is probably transported from the pharynx to the posterior end of the body 
within the bundle of oesophageal fibers by waves passing synchronously along these 
fibers and from the posterior end of the body to the vestibulum by streaming 
movement in the cytoplasm (cyclosis). 

The formation and transportation of the food-vacuoles in Vorticella similis and 
all the other species studied is in full harmony with this description. In all, the 
food-vacuole is formed by pinching off a portion of a cone-shaped sac attached to 
the pharynx and in all the food-vacuole is spindle-shaped and passes rapidly 
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FIG. 4 


Ficure 4. Outlines showing a portion of the feeding apparatus and the formation and 
movement of food-vacuoles in Campanella. A and A,, feeding apparatus in a specimen not 
feeding or immediately after a food-vacuole has been formed; B-E, successive stages in the 
formation of a food-vacuole under normal conditions; B,-£,, same in a compressed individual 
with peristome closed and its cilia inactive. P, pharynx; PR, pharyngeal ring; OS, oesophageal 


sac; OF, oesophagel fibers; F, food-vacuole. 
Note that under normal conditions the cone-shaped oesophageal sac enlarges greatly and 
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through the cytoplasm to the posterior end of the body and then slowly with the 
cytoplasm through the body. No evidence of an oesophageal tube was observed in 
any of these species. 

These conclusions and others are strongly supported by the results obtained in 
detailed observations on variations in the formation and the movement of food- 
vacuoles in several specimens. These observations are considered in the following 
paragraphs : 

1. In a specimen of Vorticella similis mounted in tap-water but not compressed, 
it was observed that the food-vacuoles had, immediately after they were formed, 
a long projection at one end. One of these vacuoles was continuously studied under 
the oil-immersion objective during the entire process of formation and for some 
time after, and the following observed: 

The constriction in the oesophageal sac did not completely separate the food- 
vacuole from it. When the vacuole moved away this connection was drawn out 
until it had formed a strand fully as long as the vacuole; then it broke at the apex 
of the sac. The vacuole with this strand attached now moved rapidly to the 
posterior end of the body, then turned sharply; after which the strand folded over, 
came in contact with the surface of the vacuole, and fused with it; then the vacuole 
moved on slowly and very slowly rounded up. The membrane on the surface of 
this vacuole appeared to be very thick and viscous. 

In other specimens of this species under the same conditions, but with powdered 
carmine added to the tap-water, some of the food-vacuoles remained spindle-shaped 
for at least one hour after they had reached the posterior end of the body and in 
some specimens of Ophrydium ectatum more than two hours, whereas they ordi- 
narily round up in a few moments. Obviously either the membrane at the surface 
of these vacuoles was thicker and more viscous than ordinarily or their entire 
content was more viscous, probably the latter. 

The results presented above show that constriction in the oesophageal sac is not 
the only factor involved in the formation of the food-vacuoles, that is, that in con- 
nection with this constriction there must be a mechanism which forces the vacuole 
toward the posterior end of the body so as to stretch out and break its connection 
with the oesophageal sac. They also show that the membrane at the surface of the 
food-vacuole is formed while it is still a part of the oesophageal sac, not after it 
has reached the posterior end of the body as some maintain. They show, moreover, 
that the membrane at the surface of the vacuole varies greatly in thickness and in 
viscosity and that the entire content of the vacuole probably also varies greatly 
in viscosity. 

2. A specimen of Campanella umbellaria was greatly compressed and then con- 
tinuously observed under the oil-immersion objective. The peristome was inverted 
and the cilia on it were inactive but those in the vestibulum and the pharynx were 
active and food-vacuoles were formed at intervals of about 45 seconds; but after 
nine had been given off all ciliary action ceased. All these vacuoles were spindle- 
shaped, but much smaller and relatively much longer than those formed under 





becomes spindle-shaped, that a portion of this sac is constricted off to form the food-vacuole, 
and that the constriction begins at the base of the sac near the pharyngeal ring; but that 
under abnormal conditions the sac enlarges but little, that only a small portion is constricted 
off and that the constriction begins near the tip of the sac. Under both conditions the formed 
food-vacuole usually moves rapidly to the end of the oesophageal fibers. 
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normal conditions. The minor axis of the first one formed was about half as long 
as the diameter of the pharyngeal ring and that of the last one not more than 
one-sixth; whereas it usually is nearly twice as long in normal food-vacuoles. 
In their formation the oesophageal sac enlarged slightly, then a constriction appeared 
near its apex and soon a small portion of the sac was pinched off (Fig. 4 A4,-E£,). 
This passed rapidly to the posterior end of the body then almost immediately 
rounded up, after which it moved slowly, decreased rapidly in size and seemed to 
disappear entirely. There were no visible particles in any of these food-vacuoles. 

Ciliary activity in the pharynx was seen in nearly all the compressed cam- 
panellae examined, but food-vacuoles formed in only a small percentage of them. 
In all but a few of these the formation of food-vacuoles ceased immediately after 
ciliary activity in the pharynx had ceased and in these few only one vacuole formed 
after this. 

These results indicate that the enlargement of the oesophageal sac is dependent 
upon activity of the cilia in the pharynx but not upon activity of those on the peri- 
stome, and they show that the formation of the food-vacuole is not specifically 
dependent upon ciliary action in the pharynx or the size of the oesophaeal sac or 
the presence of particles in suspension in the fluid in it. 

3. In a compressed specimen of Campanella tincta five small food-vacuoles were 
formed in succession and rapidly transported to the posterior end of the body; 
then there suddenly occurred a very violent upheaval in the cytoplasm, after which 
a large food-vacuole was formed and transported, but very slowly and only a short 
distance, after which it turned sharply, nearly stopped moving and soon rounded up. 
Two more large vacuoles were formed after this and these also moved slowly and 
only a short distance, then stopped and rounded up. The large food-vacuoles 
were more than 20 times as large as the small ones; they moved much more 
slowly than the small ones and not more than half as far before they stopped and 
rounded up." 

Similar results were obtained in observations on several other compressed 
specimens. In one of these a very large food-vacuole formed, slowly moved back 
a short distance, turned sharply in its course, rounded up and stopped. Then a 
very small vacuole formed and moved rapidly, past the large one, nearly to the 
posterior end of the body after which it moved very slowly and rounded up. This 
was followed by the formation of two more small vacuoles, both of which moved 
rapidly past the large one to the posterior end of the body (Fig. 5). The large 
vacuole was closely observed under the oil-immersion objective. It did not move 
appreciably but rapidly decreased in size and disappeared entirely in three minutes. 

The fact that some of these food-vacuoles went only about one-fourth as far 
as others before their rate of speed rapidly decreased cannot be understood on the 
assumption that they passed through a tube and were propelled by peristalsis in it. 
It can however, be readily understood on the assumption, postulated above, that 
their movement was due to the action of fibers which can move freely and are not 
fixed in their spacial interrelationship. 

4. A specimen of Vorticella similis was mounted in tap-water and the oesopha- 
geal sac measured at maximum size. Then the tap-water was replaced by distilled 

! The junior author asserts that in his observations on the effect of various chemicals on the 
size of the food-vacuoles in Vorticella similis, he frequently saw very small “needle-like” 
vacuoles form. 
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water and the sac measured again, after which the distilled water was replaced 
by 0.006 M lactose in distilled water and the sac measured once more. The 
averages obtained for the minor axis under these three conditions were respectively 
10.5, 11.54 and 12.5. 





FIG. 5 





Figure 5. Camera outline of a portion of a compressed specimen of Campanella tincta, 
showing differences in the size of successively formed food-vacuoles and difference in their 
direction and extent of movement. 

CV, contractile vacuole; P, pharynx; PR, pharyngeal ring; OS, oesophageal sac; OF, 
oesophageal fibers; F,—F;, five food-vacuoles formed in the order given; arrow, direction of 
movement. 

Note that the first vacuole in this series was very much larger than the rest and moved 
only a short distance before it rounded up and that the four succeeding small vacuoles passed 
the large one and moved much further before they stopped and became spherical. F, was 
drawn very soon after it has been formed, /’.— /; immediately after Ff, had been formed, i.e. 
after F. and F, had decreased considerably in size 
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During one of the measurements of the oesophageal sac in the lactose solution 
a food-vacuole in the adjoining cytoplasm suddenly fused with the sac and caused 
a very marked increase in its size, immediately after which a portion of it was 
constricted off as an abnormally large food-vacuole. Immediately before the 
fusion took place the minor axis was 12.54 long and during fusion it increased to 
16.5. 

The fact that the food-vacuoles in the cytoplasm can fuse with the oesophageal 
sac, strongly supports the conclusions reached above, namely that there is nothing 
in the nature of an oesophageal tube in these organisms and that the rapid movement 
of the food-vacuoles after they leave the pharynx is due to the action of a mobile 
structure which does not have a fixed position in the cytoplasm and does not 
prevent direct contact between the vacuoles and the cytoplasm. 


Discussion 


Greeff (1870) long ago observed that the food-vacuoles in Campanella um- 
bellaria pass from the pharynx toward the posterior end of the body much more 
rapidly than the adjoining cytoplasm and he concluded consequently that they are 
not carried by the cytoplasm. He maintains, as stated above, that there is a long 
tube (“der Oesophagus”) which extends into the cytoplasm from a spindle-shaped 
structure (“der Trichter”) at one end of the pharynx. He asserts that in the 
“Trichter” the food which has been forced into it by the cilia in the pharynx, is 
formed into small spindle-shaped masses, which pass rapidly through the oesopha- 
gus” into the cytoplasm and that a membrane then forms at the surface of each 
mass and thus produces a food-vacuole. He accounts for the rapid movement of 
the food-vacuoles by assuming that they are forced through the “Oesophagus” by 
waves of contraction in it, i.e. by peristalsis. 

Kahl (1935, p. 652) confirms Greeff in reference to the “oesophageal” tube in 
Campanella and concludes that such a tube is present in all the peritricha. He 
says: “Der Osophagus ist bisher meist tibersehen worden; er scheint aber nach 
eigenen Untersuchungen nie zu fehlen, ist aber nur bei grOsseren Arten gut 
erkennenbar.” 

The evidence presented above indicates that Greeff is correct in his contention 
that at the end of the pharynx there is a funnel-shaped structure to which is attached 
a long narrow structure which extends into the cytoplasm, but it indicates that the 
latter is a bundle of fibers instead of a tube and that the former is a sac, a portion 
of which is separated off to form a food-vacuole, rather than a funnel in which the 
food is formed into spindle-shaped masses which become food-vacuoles after they 
have been transported through the tube into the cytoplasm. It also indicates that 
the food-vacuoles are propelled from the pharynx to the posterior end of the body 
by the action of fibers, not by contraction in the wall of a tube. 

Kitching (1938, p. 87) recently observed the rapid movement of the food- 
vacuoles referred to above, in a considerable number of species in several genera 
but he found no evidence of an oesophageal tube in any of them. He concludes that 
the rapid movement of the vacuoles is due to waves of contraction, in accord with 
Greeff’s contention, but that the contraction is in the cytoplasm, not in the wall of 
a tube in it. He says: “It is concluded that the food-vacuoles are propelled over 
the determined course [i.e. from the pharynx to the posterior end of the body] by 
contractions in the surrounding protoplasm.” 
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It is obvious, however, that to propel a vacuole by contraction in surrounding 
protoplasm which is not fixed as it is in a tube, the viscosity of the protoplasm would 
have to be continuously lower in front of the vacuole than back of the contracting 
region. There is no evidence indicating that this obtains. Kitching’s hypothesis 
consequently has no objective support. 

Nirenstein (1905), Gelei (1934) and others maintain that in Paramecium 
the food-vacuole is separated from the pharynx by the pressure of protoplasmic 
currents. Butschli (1889, p. 1405) and Bragg (1935, 1936) contend that con- 
traction of the distal end of the pharynx is also involved. Lund (1941) holds 
that neither is involved and that the vacuole is separated from the pharynx by the 
action of fibers which are attached to the pharynx and extend for a considerable 
distance into the cytoplasm. These views will be considered in a later paper. 


THE INITIATION OF THE CONSTRICTION OF THE FOOD-VACUOLE FROM THE PHARYNX 


It is generally assumed that the initiation of the constriction of the food-vacuoles 
from the pharynx is correlated with the size of the enlargement at the end of the 
pharynx. For example, Hall and Nigrelli (1930) referring to Vorticella say: 
“After the basal portion of the gullet reaches a certain size, it is rapidly constricted 
from the rest of the gullet and then separated completely as a food vacuole.” The 
fact, however, that (as demonstrated above in observations on Campanella) 
successively formed food-vacuoles sometimes vary enormously in size, shows that 
the initiation of their separation from the pharynx is only very superficially corre- 
lated with their size, if at all. 

Bozler (1924) maintains that in Paramecium solid particles are necessary 
for the formation of food-vacuoles and that such particles must come in contact 
with the membrane at the end of the pharynx before a food-vacuole begins to form. 
Bragg (1935) maintains that while contact of a large particle with the inner 
surface of the “vacuolar membrane” always causes immediate separation of the 
food-vacuole from the pharynx, it is not necessary. We have, in observations on 
Campanella and Vorticella, repeatedly seen food-vacuoles form which contained 
no visible particles and we have seen some of these vacuoles disappear in the 
cytoplasm so rapidly that very little, if any, digestion could have occurred. These 
facts seem to show that these vacuoles contained no solid particles, and consequently 
that solid particles were not involved in their formation. Moreover, Schewiakoff 
(1891) and Wallengren (1901) assert that they observed food-vacuoles form in 
solutions which were free from solids. 

Kitching (1938) observed that if Pyxidinium aselli is mounted in “1/16 to 
1/8% agar” food-vacuoles form without ciliary action on the “disc” or in the 
“gullet.” We have confirmed this in observations on Campanella. We also 
observed that there is no change in the size of the pharynx during the separation of 
the food-vacuoles from it. This separation is therefore not correlated with changes 
in ciliary action in the pharynx or with contraction in it. 

It will be demonstrated presently that the size of the food-vacuoles depends 
upon the chemical composition of the surrounding medium. This seems to show 
that the chemical composition of the solution in the food-vacuoles has something 
to do with their separation from the pharynx, but it in no way accounts for the 
enormous variation in size referred to above, which occurred with no variation in 
the surrounding medium. 
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What is it, then, that sets off the process which separates the food-vacuoles from 
the pharynx? 

It is highly probable that waves start at fairly regular intervals in the pharyngeal 
ring and pass simultaneously down all the oesophageal fibers and that each of these 
sets of waves initiates a constriction in the oesophageal sac, if it contains sufficient 
fluid to make a constriction possible. If this is true, the size of the vacuole is 
correlated with the rate at which fluid is forced into the oesophageal sac by the cilia 
in the pharynx and the rate at which it leaves this sac by osmosis. If these pro- 
cesses and the interval between successive waves depend upon the composition of the 
surrounding fluid, the temperature and the physiological state of the organism, it 
accounts for the observed variation in the size of the food-vacuoles and the intervals 
between their formation. If the food-vacuoles are separated from the pharynx by 
waves in the oesophageal fibers, one would, moreover, expect to find the observed 
correlation between the location of the constriction on the oesophageal sac and the 
size of the vacuole and also the observed absence of a constriction when the sac is 
very small. There would still remain, however, the problem of the origin of the 
periodic waves. 

Foop AND FEEDING 


The observations considered in this and the following sections were made on 
Vorticella similis as follows : 

Several small pieces of substance with vorticellae attached were mounted in 
pond-water or culture-fluid between two parallel ridges of vaseline on a slide. A 
cover-glass was then added and pressed down until the pieces of substance were 


much flattened, but not enough to interfere with the activities of the vorticellae. 
In such preparations the fluid could readily be changed as desired by applying a 
strip of filter paper to one edge of the cover-glass, and if the flow of fluid was con- 
tinued so as to provide sufficient oxygen any selected vorticella could be studied 
under low or high magnification as long as desired and the effect of various sub- 
stances on its activities ascertained. 

Vorticella feeds almost exclusively on bacteria, but all sorts of particles in 
suspension in the surrounding fluid are carried into the vestibulum in the currents 
produced by the peristomal cilia. Many of these are, however, immediately carried 
out again in the outgoing current produced by the cilia in one region of the vesti- 
bulum. Nearly all the rest and some gelatinous substance secreted by the peristome 
or the walls of the feeding apparatus, are forced through the pharynx into the 
oesophageal sac by the pharyngeal cilia.*_ There is, however, great variation in the 
kind of particles that are selected and ingested by different individuals in the same 
preparation and by the same individual at different times. Yeast-cells, e.g. are, at 
any given time, freely ingested by some individuals and rigidly rejected by others, 
and freely ingested by a given inarvidual at one time and rigidly rejected at another. 

It is well known that when the food-vacuole leaves the pharynx the concen- 
tration of particles in the fluid in it is usually very much greater than it is in the fluid 
which enters the vestibulum. Greeff (1870) maintains that the cilia in the pharynx 


*In Vorticella mounted in distilled water or in lactose (0.05 M) in tap-water or in 
solutions of NaCl, this gelatinous substance is very evident. It gelates as the vacuoles 
decrease to minimum in size (probably owing to the increase in acidity) and then solates as 
they increase in size. It is highly probable that it is formed under all conditions, as it appears 
to be in Folliculina, judging from the results of observations made by Andrews (1923). 
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come in direct contact with the particles in it and force them through the fluid into 
the oesophageal sac and that consequently only a relatively small amount of water 
is carried in with the particles. Nirenstein (1905) and Bozler (1924) referring to 
Paramecium maintain that the pharyngeal cilia force almost nothing but fluid 
into the oesophageal sac until it has become nearly maximum in size and then 
almost nothing but solid particles until it is well filled with them. Both of these 
views would account logically for the relatively great concentration of solid particles 
in the newly formed food-vacuoles. However, the results of our extensive and 
detailed observations do not confirm either of them. 

We found that when the oesophageal sac begins to enlarge the concentration 
of solid particles in it is usually only slightly greater than in the fluid which enters 
the vestibulum, but that as the sac enlarges, the concentration of particles in it 
usually increases greatly. 

Selective action of the pharyngeal cilia would account for the concentration of 
particles in the newly formed food-vacuoles, but it would not account for the 
observed gradual increase in concentration in the oesophageal sac except on the 
assumption of gradual increase in selective ciliary action. This is, however, not 
at all probable. How then can the gradual increase in concentration be explained ? 

It will be demonstrated presently that after the food-vacuole is formed fluid 
usually leaves it rapidly, owing to difference in osmotic concentration of the 
internal and external fluids. It is consequently practically certain that fluid 
passes continuously from the oesophageal sac out into the cytoplasm as it enlarges. 
The increase in the concentration of the particles in the fluid in the oesophageal 
sac is therefore, in all probability, due to this loss of fluid. Moreover, Frisch 
(1937), in observations on Paramecium, has demonstrated that fluid passes from 
the pharynx into the adjoining cytoplasm. If this obtains in Vorticella, it accounts 
for the probable increase in the concentration of solid particles as the fluid in 
which they are suspended passes through the pharynx. 

The junior author, in his measurements of the food-vacuoles in Vorticella in 
different solutions, repeatedly saw the oesophageal sac suddenly decrease in size and 
at times, especially in distilled water, alternately decrease and increase like “the 
pumping of a heart.” In one specimen in 0.014 M NaCl the oesophageal sac 
gradually increased to 11.56u in diameter, then suddenly decreased to 8.84» in 
diameter, then remained without further measurable change in size for 20 seconds 
and then left the pharynx. The decrease in size observed under these conditions 
was, however, doubtless due to the forcing of fluid from the oesophageal sac back 
into the pharynx, probably by pressure on the surface of the sac by the action of the 
oesophageal fibers. 


THE SIZE OF THE FOOD-VACUOLES AND THE TIME REQUIRED FOR THEIR FORMATION 
Introduction 


No detailed measurements have heretofore been made on the size of the food- 
vacuoles in the peritricha or the time required for their formation. The results 
reported indicate, however, that while there is much variation in different indi- 
viduals under the same conditions and in the same individual under different 
conditions, consecutive vacuoles do not vary much either in size or in the time 
required for their formation. Hall and Nigrelli (1930) imply, e.g. that in 
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Vorticella sp. the food-vacuoles are fairly uniform in size and the “intervals” 
between their formation rather constant for a given individual. 

We measured many food-vacuoles and the time required for them to form in 
Vorticella similis in various solutions. Some of the results obtained will be 
considered in the following paragraphs. A more extended account of the work 
will be presented in a subsequent paper by the junior author. 


Methods 


Several vorticellae attached to a fragment of Lemna, or to a short hair, were 
mounted in a drop of water between two parallel ridges of vaseline on a slide and 
covered with a cover-glass. The slide was then put on the mechanical stage of the 
microscope and a narrow strip of filter paper, long enough to reach over the edge 
of the stage, placed at one edge of the cover-glass between the ridges of vaseline. 
Then some of the solution to be tested was placed on the slide at the other edge 
of the cover-glass between the ridges of vaseline and more added as, owing to the 
action of the filter paper, it flowed through under the cover-glass. A specimen 
which extended from its attachment well out into the current of solution was now 
observed. After the vorticella had been subjected to this current for ten minutes 
and thoroughly adapted to the new solution, measurements under an oil-immersion 
objective were made by means of a stopwatch and an ocular micrometer, on a 
series-of successive food-vacuoles, in reference to the time required for their forma- 
tion and their maximum size, i.e. the length of the minor axis, as they were about 
to leave the pharynx. Another solution was then passed through under the 
cover-glass for ten minutes, after which measurements were made on another series 
of successive food-vacuoles in the same specimen or in a different specimen in the 
same solution. This was repeated with still other solutions. Then the whole 
process was repeated with other specimens. The results obtained are presented in 
Tables I and II. 


TABLE I 


Time required to form food-vacuoles in Vorticel'a similis 








Time in seconds required to form each of seven consecutive vacuoles in 
each of six individuals, selected at random 
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Results 


Table I shows that there was marked variation in the time required for the 
formation of consecutive food-vacuoles in all six vorticellae studied, that the time 
required varied much with the individuals under both conditions and that it was 
on the average much longer in distilled than in pond-water. The results presented 
demonstrate, therefore, that the rate of formation of food-vacuoles is much higher 


in pond-water than in distilled water. 
Table II shows that the successive food-vacuoles in each of the five specimens 
tested varied greatly in size in all the solutions used, but that the food-vacuoles 


TABLE II 


Variation in the size of the food-vacuoles in Vorticella similis and the effect of 
various substances on its size 
A, a specimen subjected successively to distilled and pond-water; a, b, c and d, four speci- 
mens, each subjected successively to the solutions indicated. The lactose, NaCl and CaCl, 
solutions were made with redistilled water and they were equal in osmotic concentration. 
All the measurements for each specimen in a given solution were made on successive vacuoles. 


Length in micra of minor axis at maximum size 
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tilled ‘ond- Redistilled sactose Na aClh 
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in different specimens in the same solution and in the same specimen in different 
solutions varied even more. It shows that in the four individuals measured the 
average length of the minor axis of the vacuoles ranged from 7.3 to 15.2y in the 
solution of lactose, from 4 to lly in the solution of NaCl and from 5.4 to 7.3, in 
the solution of CaCl,. It indicates that the vacuoles were on an average slightly 
larger in pond-water than in distilled water, the same in size in redistilled water 
and the solution of lactose, much smaller in the solution of NaCl, and the smallest 
in the solution of CaCl,. 


Discussion 


The osmotic concentration of the solution of lactose used was obviously much 
higher than that of the redistilled water. The fact that the food-vacuoles formed 
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in these two fluids were practically the same in size indicates, therefore, that 
osmotic concentration is not involved in regulating the size of the vacuoles. 

The solutions of lactose, sodium chloride, and calcium chloride used were equal 
in osmotic concentration and in acidity. The differences in the size of the food- 
vacuoles formed in these solutions were therefore not correlated with either of 
these two factors. They consequently must have been correlated with the chemical 
properties of the substances in the solutions. 

The hydrogen-ion concentration of the distilled water used was pH 5.5 and that 
of the pond-water pH 8.2; the osmotic concentration of the latter was much higher 
than that of the former and they differed greatly in chemical composition. The 
results referred to above indicate that the size of the food-vacuoles is not specifically 
correlated with the osmotic concentration or the acidity of their contents. The 
difference in the size of the vacuoles observed in pond-water and distilled water 
was therefore not due to either of these two factors. It consequently must have 
been due to difference in the chemical composition of their contents. 

The results in hand seem to show therefore that the size of the food-vacuoles 
in Vorticella is largely, if not entirely, dependent upon the nature of the chemicals 
they contain. 

As stated above the rate of formation of food-vacuoles is higher and the 
vacuoles are larger in pond-water than in distilled water. The rate of ingestion 
of fluid is therefore higher in the former than in the latter, but since these fluids 
differ greatly in acidity, osmotic concentration, and chemical composition, the 
difference in the rate of ingestion may be due to any one or any combination of these 
factors. 

We are well aware that some of the results presented in this section are equi- 
vocal, and that more results are needed before valid conclusions concerning the 
regulation of the size of the food-vacuoles and the rate of ingestion can be reached. 
We had intended to extend the observations made and to investigate the effects 
of other chemicals in various concentrations, but other duties interfered and we 
see no prospect of continuing the work in the near future. We are therefore 
presenting these inadequate results with the hope of encouraging further work. 


CHANGES IN THE SIZE AND THE FORM OF THE FOOD-VACUOLES 


Introduction 


After the food-vacuoles have been separated from the pharynx they move 
rapidly to the posterior end of the body on a definite course, as previously stated, 
then slowly on a very indefinite course to the vestibulum. They are spindle-shaped 
until they reach the posterior end of the body then they usually become spherical 
and gradually decrease in size to a minimum, remain so for about two minutes and 
then rapidly increase in size again (Fig. 6).* Numerous measurements were 
made with a stopwatch and an ocular micrometer on the time required for these 
changes and their extent. The following results were obtained : 


8’ During the decrease in size the particles in suspension frequently, but not always, 
aggregate near the center of the vacuole, leaving a clear space at the surface (Fig. 6), which 
soon disappears, but usually forms again when the vacuole begins to enlarge, after which the 
particles soon become equally distributed. 
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Change in form.—The time required for the change in the form of the 
food-vacuoles from spindle-shaped to spherical varies enormously. Under some 
conditions it occurs almost immediately after the vacuoles have reached the posterior 
end of the body. Under others it requires an hour or more and under still others it 
probably does not occur at all. 

The rate of change in form seems to be closely correlated with the viscosity of 
the content of the vacuoles. The particles in suspension in the fluid in the vacuoles 
which changed rapidly in form were invariably in violent Brownian movement, 
indicating low viscosity, whereas those in the vacuoles which changed slowly were 
often practically stationary, indicating high viscosity. In specimens which had 
ingested carmine granules or lactose (0.025-0.05 M) the change was consistently 
very slow. 


TO 


‘2 F3 F4 F 5 
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Ficure 6. Camera outlines showing the separation of a food-vacuole from the pharynx 
in Vorticella similis and subsequent changes in its size and form. 
P, pharynx; PR, pharyngeal ring; OS, oesophageal sac; F,;, a food-vacuole in the process 
of separation from the oesophageal sac; F.-F,, subsequent stages in the food-vacuole. 


Decrease in size.—The decrease in size is due to loss of fluid. This 
ordinarily continues until there is no perceptible fluid left in the vacuoles and the 
surface membrane is in close contact with the mass of particles. Consequently, if 
the vacuoles contain relatively few particles, they decrease much more than if 
they contain many, and if the particles are large, yeast-cells, e.g. the surface becomes 
very irregular. Many of the vacuoles which were measured decreased three-fourths 
in diameter, i.e. to one sixty-fourth in volume. Under some conditions there is, 
however, still considerable fluid in the vacuoles when they have become minimum in 
size and under these conditions the shrinkage is obviously less. The reduction in 
size requires from one to three minutes. 

The loss of fluid, resulting in the decrease in the size, is probably due in part to 
difference in the osmotic concentration of fluids in the vacuoles and the cytoplasm 
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(that of the latter being higher than that of the former)* and in part to inward 
pressure of the elastic membrane on the surface of the vacuoles, which was stretched 
by the pressure of fluid forced into them by the pharyngeal cilia. 

If the decrease in the size of the food-vacuoles is correlated with excess external 
osmotic concentration, the extent of change in size should decrease if the internal 
osmotic concentration is increased. This can readily be accomplished by adding 
physiologically neutral osmotic substance to the surrounding medium. 

Observations were consequently made on vorticellae in pond-water containing 
lactose in various concentrations, and the vacuoles formed in each concentration 
measured at short intervals after they left the pharynx. It was found that no 
vacuoles were formed in concentrations higher than 0.05 M, that in concentrations 
of 0.05 M and lower the vacuoles decreased in size and that they decreased least 
in the highest of these, i.e. 0.05 M, but that the decrease in this concentration was 
definitely less than in pond-water, the maximum being not more than one-third in 
diameter in place of three-fourths or more. It was also found that after the 
vacuoles had reached minimum size, those formed in the lactose solutions contained 
much more fluid than those formed in pond-water and were never irregular in shape, 
like many of those formed in pond-water. 

These results show that difference between internal and external osmotic con- 
centration is involved in the observed decrease in the size of the vacuole and they 
indicate that the inward pressure of the membrane around them is also involved. 

If this is true, it is obvious that fluid leaves the vacuoles, not only from the 
time they reach the posterior end of the body until they have become minimum in 
size, but continuously from the very beginning of their formation, for these two 
factors function in the oesophageal sac as well as in the vacuole, since the vacuole 
is, as previously demonstrated, merely a portion of the sac. 

In vorticellae in the lactose-pond-water solution, it was repeatedly observed 
that the food-vacuoles often coalesce with each other after the sudden increase in 
size and that owing to this and lack of elimination of undigested substance, the body 
became well filled with huge vacuoles. Coalescence of vacuoles was not observed 
in pond-water or culture fluid. The lactose must consequently produce changes in 
the vacuolar membrane which make it possible. 

Increase in size—-The vacuoles usually remain minimum in size for 
nearly two minutes, then very rapidly increase until they are nearly, if not quite, 
as large as they were originally, after which they remain fairly constant in size 
until their content is discharged into the vestibulum (Fig. 3). 

The increase in size requires on an average, a little less than three seconds. 
During this time the vacuole is literally flooded with fluid from the cytoplasm. 
This fluid usually first appears as a well defined layer between the membrane and 
the viscous central mass, then this mass disintegrates and the solid particles in it 
soon become uniformly dispersed with violent Brownian movement throughout. 
Digestive enzymes are doubtless carried from the cytoplasm into the vacuoles with 
the fluid that enters, for digestion begins soon after the vacuoles have enlarged. 

In Paramecium and some other ciliates numerous so-called neutral red bodies 
aggregate on the surface of the food-vacuoles. It is maintained by some that these 


*The osmotic concentration of the fluid in the cytoplasm, as will be demonstrated in the 
last section of this paper, is approximately 0.3 atmospheres higher than that of the surrounding 
medium. 
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bodies contain digestive enzymes, that they enter the vacuoles and are therefore 
involved in digestion. In the Peritricha there is no aggregation of such bodies on 
the food-vacuoles and there is no indication that any enter. They are consequently 
in all probability not involved in digestion in these organisms. 

The inflow of fluid, resulting in increase in size, is probably entirely due to 
greater osmotic concentration within the vacuole than without. If this is true, 
the internal osmotic concentration must increase greatly during the time that the 
vacuole remains minimum in size. This could readily be brought about by 
transformation in the vacuole of osmotically inactive to osmotically active substance, 
for example, starch to sugar. 

In food-vacuoles which contain lactose, the gelatinous substance in them, 
referred to above, increases greatly in viscosity as the vacuoles decrease in size 
(as indicated by observations on Brownian movement) and then decreases greatly 
as they increase in size. The increase in viscosity is correlated with increase in 
acidity (as will be demonstrated presently). It may well be that this increase in 
acidity causes chemical changes in the gelatinous substance which result in increase 
in osmotic concentration and that this in turn causes the rapid inflow of fluid from 
the cytoplasm which in turn, owing to decrease in acidity, causes the observed 
decrease in viscosity. 


CHANGES IN THE HyDROGEN-ION CONCENTRATION IN THE FOOD-VACUOLES 
IN VORTICELLA 


Introduction 


Numerous observations have been made by several investigators on the 
hydrogen-ion concentration in the food-vacuoles in various protozoa. Nearly all 
the results obtained indicate that as the food-vacuoles pass through the body the 
hydrogen-ion concentration first increases, then decreases and then remains nearly 
constant. However, only a few of the observations concern the extent of these 
changes. Shapiro (1927) on the basis of changes in the color of indicator dyes, 
concludes that in the food-vacuoles in Paramecium the hydrogen-ion concentration 
increases to pH 4, then decreases to pH 7, that in Vorticella it increases to pH 4.5, 
then decreases to pH 7 and that in Stylonichia it increases to pH 4.8, then decreases 
to pH 7. Claff et al. (1941) using essentially the same methods conclude that 
in Bresslaua it increases to between pH 4.2 and 3 and then decreases (extent not 
given). Mast (1942) using similar methods and others found that in Amoeba 
it increases to pH 5.6, then decreases to pH 7.3. And Howland (1928) on the 
basis of results obtained by injecting dyes into the food-vacuoles, concludes that in 
Actinosphaerium it increases to pH 4.3+ 0.1 and then decreases to between 
pH 5.4 and 7. 

These conclusions indicate that the change in hydrogen-ion concentration in the 
food-vacuoles differs greatly in the protozoa. The validity of some of them is, 
however, so equivocal that further investigations are highly desirable. Detailed 
observations were therefore made on the changes in the hydrogen-ion concentration 
in the food-vacuoles in Vorticella. Two methods were used: one consisted of 
observations on the solubility of crystals in the vacuoles; the other of observations 
on changes in the color of ingested yeast-cells which had been stained with various 
indicator dyes. 
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Ingested crystals indicating acidity 


Neutral red was added to pond-water (pH 8.2) and left for several hours. 
During this time numerous long needle-like yellowish brown crystals formed. 
Some of these crystals were broken up by mounting a little of the solution containing 
them under a cover-glass on a slide and vigorously tapping the cover-glass. Some 
of the broken crystals were then drawn under the cover-glass on a preparation 
containing several vorticellae in pond-water. The vorticellae occasionally ingested 
pieces of the crystals, some minute, others as long as the diameter of the vacuoles. 
A considerable number of vacuoles containing such pieces were carefully observed. 
No changes were seen in any of the pieces of the crystals until after the vacuoles 
which contained them had left the pharynx and had decreased considerably in size 
(but not to a minimum) then they suddenly dissolved. 

The relation between the solubility of these crystals and the acidity of the solu- 
tion surrounding them was ascertained by adding some to Clark buffer solutions 
differing in hydrogen-ion concentration and to Hahnert culture solutions containing 
different quantities of HCl. It was found that their solubility is closely correlated 
with the acidity of the solutions and that the lowest acidity in which they dissolve 
readily is approximately pH 5 in the buffer solutions and approximately pH 4 in 
the HCI solutions (Mast, 1942). 

The results obtained in the observations on the crystals in the food-vacuoles 
indicate, therefore, that the hydrogen-ion concentration of the fluid in the food- 
vacuoles increased from pH 8.2 to about pH 5 as the size of the vacuole decreased. 
But since the crystals dissolved before the vacuoles had (as stated above) reached 
their minimum size, the maximum acidity of the fluid in them must have been 
higher than pH 5. The results obtained in the following observations confirm 
this contention. 


Ingested indicator dyes showing maximum and minimum acidity in the 
food-vacuoles 


Methods.—Yeast-cells were boiled in distilled water containing respec- 
tively the following indicator dyes: meta cresol purple (range pH 1.2-2.8 and 
74-9), thymol blue (range pH 1.2-2.7 and 8-9.6) metanil yellow (range pH 
1.2-2.8), benzopurpurin (range pH 1.2-4), dimethyl yellow (range pH 2.84.4), 
brom phenol blue (range pH 3-4.6), methyl orange (range pH 3.2-4.4), methyl red 
(range pH 4.2-6.3), brom cresol purple (range pH 5.2-6.8), congo red (range 
pH 3-5), brom thymol blue (range pH 6-7.6), neutral red (range pH 68-8), 
phenol red (range pH 6.8-8.4), nile blue (range pH 7.2-8.6), and cresol red (range 
pH 7.2-8.8). The yeast-cells stained well in benzopurpurin, brom phenol blue, 
congo red, brom thymol blue, neutral red and nile blue but not in any of the others. 

Some yeast-cells stained with each of these six different dyes were put respec- 
tively into pond-water (pH 8.2) and presented to vorticellae in pond-water under 
cover-glasses. 

In nearly all the preparations the vorticellae ingested some of the stained 
yeast cells, and in these they sometimes ingested them so freely that the food- 
vacuoles became well filled with them. The number in the vacuole could, however, 
be controlled by regulating the number in suspension in the surrounding medium. 
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Observations were made on numerous vacuoles, containing various numbers 
of yeast-cells, from the time the cells entered the oesophageal sac until they were 
discharged. 

A series of Clark buffers * in small test-tubes was arranged in a row in a test- 
tube rack for each dye and an appropriate amount of the dye added to each buffer 
in the series. The acidity of adjoining buffers differed by 0.2 pH. The color of 
the stained yeast-cells in the vacuoles was, as the vacuoles formed and circulated in 
the body, continuously compared with those of the buffers in the series containing 
the dye under consideration and the hydrogen-ion concentration of that which it 
most nearly matched noted. It is assumed that this was the hydrogen-ion concen- 
tration of the substance in the vacuole at the time the comparison was made. 


Congo red (pH 3, orange-pH 5, blue) 


The results obtained with yeast-cells stained with congo red are more clear-cut 
than those obtained with any of the other dyes used. This is due to the brilliance 
and density of the color of the yeast-cells stained with this dye and to the striking 
change in color correlated with changes in hydrogen-ion concentration. 

The yeast-cells in the pond-water in which the vorticellae were mounted were 
dense brilliant orange in color. Those which were ingested retained this color for 
an average of 75 seconds after the food-vacuole had left the pharynx, then, as the 
vacuoles decreased in size, they gradually became purple, then more and more 
bluish until the vacuoles had become minimum in size and the cells, if there were 
but a few in a vacuole, sky-blue in color (about pH 3). This color they now 
retained for an average of nearly 2 minutes, i.e. until the vacuoles very rapidly 
increased in size, then the cells suddenly became orange of the same shade as that 
which they had when they entered the vacuoles. This color was retained until the 
content of the vacuoles was discharged which usually occurred within half an hour. 
There was no indication of digestion in the discharged yeast-cells. A typical 
record taken from our notes reads as follows: 

(2:10 p.m.) A yeast-cell entered a vacuole; (40 sec. later) the vacuole, con- 
taining only one yeast-cell, left the pharynx, spindle-shaped, 124 long and 8y wide, 
yeast-cell still orange; (75 sec. later) yeast-cell slightly purple,® vacuole spherical, 
8u in diameter; (75 sec. later) yeast-cell sky-blue (about pH 3), vacuole 3, in 
diameter, slightly irregular in form; (2 min. later) yeast-cell orange, vacuole 
spherical, 8u in diameter; (15 min. later) yeast-cell orange, no change in structure, 
vacuole same in size. 

The results presented indicate, therefore, that the acidity of the fluid in the 
food-vacuoles in Vorticella increases nearly, if not quite, to pH 3 and that this is 
closely correlated with decrease in the size of the vacuoles. 

The conclusion that increase in the acidity of the content of the food-vacuoles 
is closely correlated with decrease in size is strongly supported by results obtained 
in observations on congo red-stained yeast-cells ingested in 0.05 M lactose in pond- 


5 The following buffers were used: phthalate, pH 2.6-3.4; acetate, pH 3.6-5.6; phosphate, 
pH 5.8-8; borate, pH 7.8-10. 

® Under high power (oil-immersion objective), it could be seen clearly that the central 
portion of the cells was still orange and that the purple was confined to a thin layer at the 
surface. 
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water. In these observations it was found that the food-vacuoles do not decrease 
as much in size as they do in pond-water without lactose, there always being 
considerable fluid left in them and that the color of the yeast-cells usually changes 
from orange to purple but never to blue, indicating that the acidity of the content of 
the vacuoles increases only to pH 5 in place of nearly to pH 3. 

We repeatedly observed that if the food-vacuoles contained many congo red- 
stained yeast-cells, the cells did not become blue. We consequently made extensive 
observations on the relation between the number of yeast-cells in a vacuole and the 
extent of change of color in them and found the following : 

In the vacuoles which contained five cells or fewer there usually was a change 
in color from orange to blue, but it required considerable longer in those which 
contained five than in those which contained only one or two cells. In those which 
contained six to nine cells, there usually was a change from orange to purple but 
not to blue, and the decrease in the size of the vacuoles was much less than in those 
which contained only a few cells. In the vacuoles which contained ten or more 
yeast-cells no change in color was observed and there was but little if any decrease 


in size. Two typical records from our notes follow: 
‘= 


(10:05 a.m.) A vacuole containing five yeast-cells left the pharynx; (2 min. 
later) yeast-cells getting purple, vacuole but little larger than the five cells; (1 min. 
later) cells bluish; (15 sec. later) cells blue, very little fluid in vacuole, irregular 
in form; (30 sec. later) cells turning orange, vacuole clearly larger, nearly 
spherical, hyaline layer at surface; (45 sec. later) cells orange, vacuole spherical, 


original size. 

(10:30 a.m.) A vacuole containing about ten yeast-cells left the pharynx; 
observed continuously for six min.; no perceptible change in the color of the 
yeast-cells or the size of the vacuole. 

These results show that the extent of change in color from orange toward 
blue in congo red-stained yeast-cells in the food-vacuoles and the extent of decrease 
in size of the vacuoles vary inversely with the number of yeast-cells in the vacuoles. 
They consequently support the conclusion that increase in the acidity of the content 
of the vacuoles is correlated with decrease in their size. 

The question now arises as to whether or not the extent of change in color 
depends upon the time that the yeast-cells are in the vacuoles. Information con- 
cerning this question was obtained by making observations on cells which entered 
the vacuole at different times. Since the formation of the vacuole required from 
30 to 60 seconds, this sometimes differs by nearly 60 seconds. It was repeatedly 
observed, however, that if a yeast-cell enters immediately after the vacuole begins 
to form it takes just as long for it to become purple after the vacuole has left the 
pharynx as it does if the cell enters just before the vacuole leaves it. Moreover, 
several vacuoles were studied in which one cell had entered at the beginning oi 
formation and another just before the end of formation, and it was found that in all 
these vacuoles the two cells became purple and blue at the same time, although one 
of them had been in the vacuole nearly 60 seconds longer than the other. These 
results show that the acidity of the solution in the forming vacuoles is not high 
enough to have any perceptible effect on the color of yeast-cells and that the observed 
changes in color in them is not specifically correlated with the time they have been 


in the vacuoles. 
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Brom phenol blue (pH 3, yellow-pH 4.6, blue; benzopurpurin pH 1.2, 
violet-pH 4, red) 


The results obtained with brom phenol blue confirm in general those obtained 
with congo red. With vorticellae in pond-water the stained yeast-cells were 
dense sky-blue when they entered the food-vacuoles and they became distinctly 
greenish yellow when the vacuoles had reached minimum size, but their color 
corresponded more nearly with buffer, pH 3.2 than pH 3. When the vacuoles 
increased in size the yeast-cells rapidly became blue again. The results obtained 
with brom phenol blue therefore indicate that the maximum acidity reached by 
the substance in the vacuoles is pH 3.2, i.e. not quite so high as is indicated by those 
obtained with congo red. 

The yeast-cells stained with benzopurpurin were deep red when they entered 
the food-vacuoles and no appreciable change occurred as the vacuoles passed 
through the body. If the maximum acidity in the food-vacuoles is actually pH 3 
as the results obtained with congo red indicate, one might expect some evidence of 
change in the color of the cells stained with this dye, for its range extends from 
pH 1.2 to 4. The difference in color between buffer pH 3 and pH 4 was however 
so inconspicuous that it would be extremely difficult to distinguish in yeast-cells in 
food-vacuoles. The fact then that no change in color was observed in the food- 
vacuoles containing yeast-cells stained with benzopurpurin, does not seriously 
militate against the results obtained with congo red and brom phenol blue. 

The results presented, therefore, seem to prove that the acidity of the substance 
in the food-vacuole in Vorticella increases from somewhat less than pH 5 to a 
maximum of pH 3.2 as the size of the vacuole decreases to a minimum and that 
the acidity very rapidly decreases as the size of the vacuole suddenly increases, 
and they show that this decrease extends beyond the highest limit of the ranges for 
the dyes used, namely pH 6.8, but they do not show how far beyond this range it 
extends. The results obtained with brom thymol blue and neutral red concern 
this, and also the acidity of the content of the oesophageal sac. 


Brom thymol blue (pH 6, yellow—pH 7.6, blue); neutral red (pH 6.8, red—pH &, 
amber); nile blue (pH 7.2, blue-pH 8.6, purple) 


The yeast-cells stained with brom thymol blue were deep blue when they 
entered the vorticellae in pond-water. In the cesophageal sac, they became dis- 
tinctly yellowish, pH 6.4, if there were but few present. After the vacuoles had 
formed and left the pharynx and began to decrease in size they soon became 
bright lemon yellow, pH 6; then when they suddenly increased in size they rapidly 
became yellowish blue, like buffer pH 6.8, possibly pH 7, but positively not so blue 
as pH 7.2 and not nearly so blue as they were when they entered the vacuoles. The 
results obtained with brom thymol blue consequently indicate that the minimum 
acidity reached is approximately pH 6.9. 

The yeast-cells stained with neutral red were brownish yellow (pH 8.2) when 
they entered the vacuoles. They very soon became reddish pink after the vacuoles 
had left the pharynx and began to decrease in size, but there was no appreciable 
change in color when the vacuoles later suddenly increased in size. The color of 
the buffers in the prepared series was essentially the same from pH 5 to pH 7, but 
at pH 7.2 it was distinctly yellowish. There was no indication of this color in the 
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yeast-cells in the old vacuoles. The acidity in these cells therefore did not decrease 
to pH 7.2. These results therefore support the conclusion reached on the basis of 
those obtained with brom thymol blue, namely, that the minimum hydrogen-ion 
concentration reached in the substance in the food-vacuoles in V orticella during the 
process of digestion is between pH 6.8 and 7, i.e. that the substance in the food- 
vacuole decreases greatly in acidity but does not actually become alkaline. 

The yeast-cells stained with nile blue in pond-water were sky-blue and there 
was no change in color in those which were ingested. These results therefore have 
no bearing on the problem under consideration. 

It can be concluded, then, that in Vorticella after the food-vacuole leaves the 
pharynx, the acidity of its content increases from approximately pH 6.4 nearly to 
pH 3 in about two minutes, with a decrease in size during this time to about 1/27 
of its original volume, that it then remains nearly constant in acidity and in size 
for nearly two minutes, after which it very rapidly increases in size with a very 
rapid decrease in acidity to about pH 6.9. The problem concerning the processes 
involved in the changes in size has been considered in a preceding section ; that con- 
cerning those involved in the changes in acidity will be considered in the following 
section. 


Discussion 


Shipley and DeGaris (1925) maintain that in Paramecium the fluid in the 
food-vacuole first becomes alkaline, then acid, then alkaline again. We obtained 
no evidence whatever indicating a preliminary alkaline phase in the food-vacuoles of 
Vorticella. Shapiro (1927) also failed to find any indication of it in this genus, 
but he maintains that he found a preliminary alkaline phase in Paramecium if the 
culture fluid is neutral but not if it is alkaline. It would seem, however, that in 
alkaline solutions, as Howland (1928) has well said, “it obviously should have been 
more prominent than in neutral solutions.” The contention of Shipley and 
DeGaris is consequently equivocal. Moreover, evidence will be presented in a sub- 
sequent paper which indicates that it is not valid. 

The food-vacuoles in Actinospherium into which Howland (1928) injected 
dyes contained active ingested organisms. These, owing to metabolism, un- 
doubtedly caused increase in the acidity of the fluid in the vacuoles and the 
mechanical injury produced by the pipet used in the process of injection also 
augmented the acidity. The maximum acidity she observed, namely pH 4.3 + 0.1, 
is therefore higher than that which obtains under normal conditions in vacuoles 
which do not contain living organisms. 

Claff et al. (1941) maintain that in culture fluid containing neutral red, the fluid 
in the food-vacuole in Bresslaua becomes pink and also the organisms in it after they 
die, indicating increase in acidity. They hold that this increase in acidity is due to 
“a sudden release of an acid into the newly-formed food-vacuole” from the sur- 
rounding cytoplasm. But they also maintain that there are numerous “cherry red 
granules” in the cytoplasm and that many of them aggregate on the surface of the 
vacuole. We have made many observations which strongly indicate that the pink 
color observed by Claff et al. in the fluid was due to the effect of the “cherry red 
granules” on the transmitted light, not to dye in the fluid, and that the pink color in 
the dead organisms was due to the acid produced in them as they died, not to acid 
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in the fluid around them, for similar changes in color occur in organisms which die 
in neutral red solutions which are not in the food-vacoules. 

To obtain accurate results with dyes concerning the hydrogen-ion concentration 
of the content of the food-vacuoles in protozoa, it is therefore necessary to avoid 
injuring the cytoplasm around the vacuoles and to consider the effect of colored 
granules in the cytoplasm on the light transmitted through it, and the acid produced 
by metabolism and death of organisms in the vacuoles. 

' In the methods used in the observations on changes in acidity in the food- 
vacuoles in Vorticella considered above all these sources of error were avoided. 
The results obtained must therefore be fairly accurate. 


Factors INVOLVED IN THE CHANGES IN ACIDITY IN THE FOOD-VACUOLES 


It is widely held that change in acidity observed in the food-vacuoles in the 
protozoa is due to secretion of acid or base by the cytoplasm adjoining the vacuoles 
(Greenwood and Saunders, 1894; Nirenstein, 1905; Lund, 1914; Howland, 1928; 
Claff et al., 1941). Mast (1942) maintains, however, that this does not obtain 
in Amoeba. He says that in this organism “the cytoplasm secretes neither acid 
nor base” and he concludes (p. 203): “The increase in the acidity of the fluid in 
the food-vacuoles probably is due to respiration in the ingested organisms, chemical 
changes associated with their death, disintegration of the ingested plasmalemma, 
impermeability to acids of the membrane around the vacuoles and diffusion of fluid 
from the vacuoles. The decrease in acidity is due to diffusion of alkaline fluid 
from the cytoplasm into the vacuoles. The cytoplasm secretes neither acid nor 
base.” 

Let us consider these views in reference (1) to the increase and (2) to the de- 
crease in acidity observed in the food-vacuoles in V orticella. 


(1) Increase in acidity 


If the increase in acidity in the food-vacuole is due to secretion of acid by the 
surrounding cytoplasm, the acid must pass from the cytoplasm either into the 
oesophageal sac or the food-vacuoles. We have demonstrated that fluid passes 
continuously out of the food-vacuoles from the time they begin to form until 
they have become minimum in size, i.e. during the time that the acidity in them 
increases to maximum. Consequently, if the increase in acidity is due to secretion 
of acid by the cytoplasm, it must pass into the pharynx or the vacuole against 
an outward current of fluid. This is highly improbable. Moreover, since the 
acidity of the content of the food-vacuoles reaches pH 3.2 and that of the adjoining 
cytoplasm is, as will be demonstrated presently, approximately pH 7.4 the acid in 
the vacuoles could come from the cytoplasm only by active secretion. There is, 
however, no indication whatever of a structure by means of which this could be 
accomplished. Secretion of acid by the cytoplasm into the vacuole is therefore 
not at all probable. 

If living organisms in the food-vacuoles are involved in the increase in acidity in 
them, there obviously should be no change in acidity in food-vacuoles which do 
not contain living organisms. The following observations concern this: 

Vorticellae were mounted in normal pond-water, then this was replaced by 
sterile pond-water by letting it flow continuously through the preparation for at least 
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five minutes, then yeast-cells stained with congo red in sterile pond-water were 
added. The vorticellae ingested some of the yeast-cells and the color of those 
ingested changed as the vacuoles proceeded on their course. No difference in 
these changes and those which occur in normal pond-water, either in time or 
shade, could be detected. 

This experiment was repeated several times with sterile pond-water and also 
with distilled water. The results obtained agree with those presented above, with 
the exception that in distilled water it required a little less time for the change 
from orange to purple (increase in acidity) and the vacuoles were not quite so 
small when it occurred. This is doubtless due to the fact that the distilled water 
used was pH 5.5 and contained no buffers, whereas the pond-water was pH 8.2 
and contained buffers, and therefore required more acid to produce the observed 
increase in acidity. 

It can consequently be concluded that if metabolism in living organisms in the 
food-vacuoles in Vorticella is a factor in the production of the observed increase in 
acidity, it is of minor importance. 

Yeast-cells which have been stained with congo red are, as previously stated, 
not digested. In the food-vacuoles formed by vorticellae in distilled water, con- 
taining these cells, there is consequently very little if any digestion. It was found, 
however, that the increase in acidity in these vacuoles is just as great as it is in those 
which contain an abundance of digestible substance. It is therefore obvious that 
digestion is not extensively, if at all, involved in the production of acid in the food- 
vacuoles. What, then, causes the observed increase in acidity in the food-vacuoles ? 

Lund (1914, p. 14) demonstrated that in Bursaria the acidity of the substance 
which enters the vestibulum increases as it passes thru the pharynx and he con- 
cluded that this shows that the cytoplasm secretes acid and pours it into the pharynx. 
There is, however, a more likely cause of the increase in acidity observed by Lund. 

In the protozoa the cilia in the feeding apparatus are very active during the 
process of feeding and they perform a considerable amount of work in forcing 
fluid into the vestibulum and through the pharynx into the oesophageal sac. 
Metabolism in them and in the cytoplasm associated with them is, therefore, high. 
This, owing to the production of carbonic, lactic, and other acids, causes increases in 
the hydrogen-ion concentration‘ of the fluid as it passes through the feeding 
apparatus. After the fluid has entered the oesophageal sac, some of it passes out 
through the limiting membrane into the cytoplasm and still more after the food- 
vacuole has been formed and has left the pharynx, as shown by its rapid decrease 
in size. Moreover, Bozler (1924), Fortner (1924, 1926), Eisenberg (1925), 
Miiller (1932) and especially Frisch (1937) have demonstrated fairly conclusively 
that fluid passes continuously from the pharynx into the cytoplasm during the 
process of feeding. This would further increase the acidity of the substance in 
the pharynx as it passes through, if the wall of the pharynx is impermeable to the 
acids produced by metabolism but permeable to bases, as it may well be. It is 
therefore highly probable that the increase in acidity in the pharynx observed 
by Lund is due to the end products of metabolism rather than to secretion by the 
cytoplasm. 

The acid in the pharynx obviously passes into the food-vacuole, and if the 


7 By adding brom thymol blue to weakly buffered culture fluid containing protozoa, it 
can readily be demonstrated that they produce acid in the process of metabolism. 
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membrane at the surface of the vacuole is impermeable to acids but permeable to 
bases, the acids will remain in the vacuole as fluids and bases pass out, and the 
acidity of its content will increase. Mast (1942) accounted for the increase in 
the acidity of the food-vacuole in Amoeba by means of similar assumptions. The 
source of the acid appears however to differ greatly in the two organisms. 

The question now arises as to whether the loss of fluid from the food-vacuole 
in Vorticella is great enough to produce the observed increase in acidity in it. 
We do not know precisely what the hydrogen-ion concentration of the content of 
the food-vacuole is when it leaves the pharynx, but the results obtained in 
observations on ingested yeast-cells stained with brom thymol blue indicate, as 
stated above, that it is about pH 6.4. However, Lund (1914) found in observa- 
tions on Bursaria that ingested vitellin and yolk granules in an alkaline solution 
containing litmus, change from blue to red in the pharynx, before they enter the 
food-vacuole. This shows that the content of the forming food-vacuole in Bursaria 
is distinctly acid. Lund has reproduced the color assumed by the litmus-stained 
granules in the pharynx. By comparing this color with that of litmus paper in 
each of a series of buffers, ranging from pH 5.2 to pH 6.6, it was found that it is 
more nearly like the litmus paper in buffers pH 5.8 (and lower) than that in any 
of the other buffers in the series. This indicates that the solution ingested by 
Bursaria changed from distinctly alkaline approximately to pH 5.8. These results 
support the conclusion reached above, namely, that the hydrogen-ion concentration 
of fluid ingested by Vorticella increases considerably before the food-vacuole 
leaves the pharynx, and they indicate that it probably increases to pH 6. If this 
is true, the acidity of the food-vacuoles in Vorticella increases approximately from 
pH 6 to a maximum of pH 3.2 as the vacuoles decrease in size. 

As previously stated, the decrease in the size of the food-vacuoles and the in- 
crease in the acidity of their content varies greatly, the one being roughly propor- 
tional to the other. Let us therefore consider the results obtained in actual measure- 
ments of the changes in size and acidity observed in a typical vacuole. These 
results show that the vacuole selected decreased in size from an ellipsoid 8 & 12, 
to a sphere 3 in diameter and that the acidity of its content increased approxi- 
mately from pH 6 to pH 3.2. If it had been full of fluid at pH 6 when it was 
maximum in size, it would have contained 6 « 10°*° moles of H+, and if it had 
been full of fluid at pH 3.2 when it was minimum in size, it would have contained 
89 x 10°°* moles of H*, i.e., it would have contained nearly 15 times as much 
H+ when it was minimum in size as it would have when it was maximum in size. 
According to the postulated hypothesis it should contain the same amount. The 
loss of fluid during the reduction in size would therefore not have been sufficient 
to account for the observed increase in acidity on the basis of this hypothesis. 
The vacuole was however not full of fluid. It contained approximately three 
percent of solids when it was maximum in size and 97 percent when it was mini- 
mum. It therefore contained about three percent less than 6 & 10°'® moles of H* 
or 5.82 & 10°'* moles at maximum size, and 97 percent less than 89 * 10-?* moles 
of H+ or 2.67 « 10°'® moles at minimum size, i.e., less than half as much as at 
maximum. The increase in the concentration of hydrogen-ions, owing to loss of 
water during the decrease in the size of the vacuole, would therefore seem to be 
ample to account for the observed increase in acidity if there is, in accord with our 
hypothesis, no loss in hydrogen-ions. 
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(2) Decrease in acidity 


The decrease in acidity in the food-vacuoles is, as previously stated, accom- 
panied by a very rapid and extensive inflow of fluid from the cytoplasm. The fact 
that this inflow requires only about three seconds and is many times as great in 
volume as the fluid already in the vacuole, indicates very strongly that the decrease 
in acidity is due to low acidity of the fluid which enters from the cytoplasm, and 
that nothing in the nature of secretion is involved. 


Tue HyproGEN-ION CONCENTRATION OF THE CYTOPLASM IN VORTICELLA 


No one has previously investigated the hydrogen-ion concentration of the 
cytoplasm in any of the ciliates but several have investigated it in the rhizopods. 
Pantin (1923) maintains that the hydrogen-ion concentration of the cytoplasm 
in a small marine amoeba is pH 7.6-7.8 in the plasmasol, pH 7.2 in the plasmagel 
and pH 6.8 in the protruding pseudopods. Needham and Needham (1925) con- 
clude that in Amoeba proteus it is pH 7.6 throughout, and Chambers, Pollack and 
Hiller (1927) contend that in Amoeba proteus and Amoeba dubia it is pH 69 
+ 0.1. 

Mast (1942) has considered these contentions critically. He contends that the 
methods used are not reliable and comes to the conclusion on the basis of his own 
observations that the hydrogen-ion concentration of the cytoplasm in Amoeba 
proteus is approximately pH 7.4. 

The results presented above show that in Vorticella the flooding of the food- 
vacuole with fluid from the cytoplasm usually causes the vacuole to increase about 
25 times in volume and the acidity of their content to decrease approximately from 
pH 3.2 to pH 6.9. But since the vacuole contains approximately 97 percent 
solids at minimum size and only some five percent at maximum, the fluid in it 
increases more than 500 times. Since the two fluids mixed in the vacuole are 
buffered, and their relative amounts and the hydrogen-ion concentration of one of 
them and that of the mixture are known approximately, that of the other (the 
fluid in the cytoplasm) can be ascertained approximately, by mixing appropriate 
buffers in proper proportions and measuring the hydrogen-ion concentration of the 
mixture. This was done, and it was found that if one part of a pH 3.2 buffer is 
added to 500 parts of a pH 7 buffer (the approximate proportion of the two fluids 
mixed in the vacuole), the hydrogen-ion concentration of the mixture is pH 6.98. 
This indicates that the hydrogen-ion concentration of the cytoplasm in Vorticella is 
slightly higher than pH 7, i.e., considerably higher than that of the cytoplasm in 
Amoeba proteus. 


THE FUNCTION OF THE CHANGES IN THE HyYDROGEN-ION CONCENTRATION 
IN THE Foop-VACUOLES 


Hemmeter (1896), Howland (1928) and Claff et al. (1941) maintain that the 
increase in acidity in the food-vacuoles in protozoa serves to kill the ingested organ- 
isms. Nirenstein (1905) concludes, however, that in Paramecium the acidity of 
the content of the food-vacuoles does not become high enough to kill the ingested 
organisms and Mast (1942) comes to the same conclusion in reference to Amoeba. 
It is consequently doubtful whether the increase in acidity functions as a killing 
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agent in any protozoa, and according to Greenwood and Saunders (1894), Niren- 
stein (1905) and Mast (1942) it does not function directly in digestion in Amoeba 
and Paramecium, for digestion does not begin in these organisms until after the 
acidity in the food-vacuoles has decreased to a minimum. 

V orticella, as previously stated, feeds almost exclusively on bacteria. After the 
bacteria have been carried into the forming food-vacuole by the action of the cilia 
in the feeding apparatus, they swim actively about in the fluid in it and they continue 
swimming until a few moments after the vacuole has left the pharynx and has de- 
creased somewhat in size, then they stop abruptly (all coming to rest at practically 
the same instant) and usually soon aggregate in a dense mass in the central region 
of the vacuole. They have doubtless been killed, for they do not become active 
again when the vacuole enlarges and the mass breaks up. This also occurs if lactose 
(0.05 M) is added to the culture fluid. 

The hydrogen-ion concentration of the fluid in the vacuoles when the bacteria 
became inactive, could not be accurately measured, but the results obtained in obser- 
vations on ingested yeast-cells stained with congo red indicate that it is not higher 
than pH 5. Moreover, in culture fluid containing 0.05 M lactose the acidity, as 
stated above, increases only to approximately pH 5. The bacteria in it are, there- 
fore, not subjected to higher concentration of acid than this. 

The lethal concentration of acid for the bacteria was ascertained by adding to 
given quantities of culture fluid different quantities of hydrochloric acid and measur- 
ing the time the bacteria in the culture fluid lived. It was found that they lived in- 
definitely in the culture fluid at pH 5 and more than 30 seconds in the culture fluid 
at pH 4. It is consequently obvious that death of the bacteria in the food-vacuoles 
is certainly not entirely due to the increase in acidity. 

The time between the separation of the vacuole from the pharynx and the cessa- 
tion of movement of the bacteria in it, was measured with a stopwatch. It was 
found that this varies considerably in consecutive vacuoles in the same individual, 
but that the average for different individuals is fairly uniform. The variation for 
ten consecutive vacuoles in a typical individual was 14 to 18 seconds with an average 
of 16.3 seconds. 

It requires, as stated above, about 50 seconds to form a food-vacuole. The bac- 
teria which enter when it begins to form are, therefore, in it about 66 seconds before 
they are killed, whereas those which enter just before it leaves the pharynx are in it 
only about 16 seconds. The cause of death must therefore be due largely, if not 
entirely, to changes in the content of the vacuole after it leaves the pharynx. There 
are, as previously stated, two very prominent changes during this time, increase in 
acidity and decrease in fluid. It was demonstrated above that the increase in acidity 
is not fatal. Death in the food-vacuoles is therefore probably due to the loss of 
fluid. Mast (1942) comes to the same conclusion in reference to the cause of death 
in the food-vacuoles in Amoeba. He contends that the loss of fluid augments the 
decrease in oxygen in the vacuoles due to respiration in the bacteria, to such an 
extent that it is fatal. 

There is no visible indication of digestion of the bacteria in the food-vacuoles 
until after the acidity in them has decreased to minimum. This seems to show that 
the increase in acidity does not function in digestion. There are however profound 
changes in the vacuole while the acidity in it is maximum for, as previously stated, 
the osmotic concentration of the fluid in it during this time increases greatly. It 
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may well be, therefore, that the increase in acidity functions in the production of this 
increase in osmotic concentration, e.g. by hydrolizing complex molecules, which in 
turn functions in the inflow of fluid-carrying enzymes which facilitate digestion. 
The decrease in acidity in the food-vacuoles is clearly correlated with digestion, 
but since it is merely the result of rapid inflow of fluid from the cytoplasm it is 
obviously not the result of anything in the nature of secretion by the cytoplasm. 


THE Osmotic CONCENTRATION OF THE CYTOPLASM IN VORTICELLA 


If the decrease in the size of the food-vacuoles in Vorticella were entirely due 
to difference between internal and external osmotic concentration, and if the mem- 
brane at the surface of the food-vacuoles were permeable to water only, and if no 
osmotically active substance passes into the feeding apparatus from the cytoplasm, 
the osmotic concentration of the cytoplasm could be measured by changing that of 
the ingested fluid until there is no decrease in the size of the vacuole after it leaves 
the pharynx. It was however demonstrated above that inward pressure of the 
stretched membrane around the vacuole is functional in the decrease in its size, and 
it is highly probable that some osmotically active substance enters the feeding appa- 
ratus from the adjoining cytoplasm. The decrease in the size of the food-vacuole is 
therefore probably not closely correlated with the relation between the osmotic con- 
centration of the fluid in the food-vacuole and that of the fluid in the cytoplasm. 
It was found however that the size of the entire body varies consistently with the 
osmotic concentration of the surrounding medium and that this relation can be fairly 
accurately measured. Observations on it were therefore made as follows: 

A vorticella attached to a fragment of Lemna was mounted in pond-water or 
tap-water under a cover-glass supported on two parallel ridges of vaseline and the 
length and width of the body measured by means of an ocular micrometer. Then 
the water was replaced with a solution of lactose in pond-water or tap-water, left 
ten minutes and the vorticella again measured. This was now repeated with dif- 
ferent concentrations of lactose and with different individuals. The results ob- 
tained in reference to length are presented in Table III. The width varied directly 
with the length, but it also varied with the surface viewed. It was therefore not 
recorded in the table. 

Table III shows that the vorticellae decreased in size in the higher concentra- 
tions of lactose used, but not in the lower, and that the decrease varied directly with 
the concentration, but that it was greater in the vorticellae which had been adapted 
to pond-water than in those which had been adapted to tap-water. It shows that 
of the seven individuals adapted to pond-water, five became slightly smaller in 
0.0125 M lactose in pond-water and two did not change in size, but that in 0.025 M 
lactose all became definitely smaller ; whereas in the nine individuals adapted to tap- 
water only two became smaller in 0.0125 M lactose in tap-water and only seven 
became smaller in 0.025 M lactose. The lowest osmotic concentration which causes 
any decrease in size, is, therefore, a little lower than that of 0.0125 M lactose in 
pond-water for vorticellae adapted to pond-water, and a little higher than 0.0125 M 
lactose in tap-water for vorticellae adapted to tap-water. If, then, the decrease 
in size in the lactose solutions is due to the difference between internal and external 
osmotic concentration this difference must be slightly less than the osmotic concen- 
tration of 0.0125 M lactose for the vorticellae which have been adapted to pond- 
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TABLE III 


Relation between the size of Vorticella and the osmotic concentration of the surrounding medium 


Each specimen used was measured successively in the four concentrations; specimen a, 
three times in each; b, c and d, twice in each; and the rest once in each. The lengths of a, b, 
c and d given, are averages. 


Length of body in micra 
Concentration of lactose in pond-water 


Designation 
of specimens 





0.025 M 0.0125 M 
81.66 86.66 
57.50 63.25 
46.75 48.75 
65.00 71.25 
75.00 80.00 
62.50 70.00 
62.50 


Total 59. 64.41 


Concentration of lactose in tap-water 


0.025 M 0.0125 M 


ay | . 77.00 | 80.50 
b, | 59.5 | 66.50 66.50 
C 56. 70.00 70.00 
dy 52.5 66.50 70.00 
e; 7 73.50 77.00 
fy 52. 59.50 63.00 
gi 3. 66.50 70.00 
hy 5.75 91.00 | 92.75 
i 53.2! | 63.00 63.00 


Total average 45 70.38 72.52 





water and slightly more than that of 0.0125 M lactose for those which have been 
adapted to tap-water. 

The osmotic concentration of the pond-water used, calculated from the depres- 
sion of the freezing point, is at 22° C, equivalent to 0.79 atmospheres and that of 
the tap-water practically zero. The results presented indicate, therefore, that the 
lower the external osmotic concentration is, the greater the difference between in- 
ternal and external osmotic concentration becomes. 

The osmotic concentration of 0.0125 M lactose at 22° C is equivalent to 0.3282 
atmospheres (International Critical Tables). That of the fluid in the cytoplasm 
must, therefore, be approximately equivalent to 0.3282 plus 0.79 atmospheres or 
1.1 atmospheres in vorticellae adapted to pond-water, but only slightly higher than 
0.3282 atmospheres in those adapted to tap-water. 

Kitching (1938) concludes that in Zoothamnium sp., a freshwater peritrich, the 
excess of internal over external osmotic concentration is equivalent to that of 0.05 M 
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sucrose, that is, four times as large as the results we obtained in our observations 
on Vorticella. This difference is much larger than would be expected in organisms 
which are so nearly alike in structure and habitat. Kitching’s conclusion was based 
on results obtained with specimens treated with cyanide. It may well be, therefore, 
that it is not valid for specimens under normal conditions. 

Mast and Fowler (1935) found that 0.005 M lactose in culture fluid is the lowest 
concentration which produces a consistent measurable decrease in the volume of 
Amoeba proteus. This indicates that the difference between internal and external 
osmotic concentration is much smaller in Amoeba than it is in Vorticella. 


SUMMARY 


1. The feeding apparatus in the Peritricha consists of a ciliated tube (the outer 
portion of which is called the vestibulum and the inner the pharynx) and about ten 
fibers (oesophageal fibers) which are attached to the distal end of the pharynx and 
extend as a bundle through the cytoplasm nearly to the posterior end of the body. 
There is no oesophageal tube. 

2. The Peritricha feed largely on bacteria but various inanimate particles are also 
ingested. 

3. At the end of the pharynx surrounded by the oesophageal fibers there is a 
cone-shaped sac (the oesophageal sac) which consists of a membrane probably pro- 
duced by the interaction between the fluid in it and the cytoplasm around it. 

4. The pharyngeal cilia force into the pharyngeal sac culture fluid with particles 
in suspension and usually gelatinous substance secreted by the peristome, the ves- 
tibulum and the pharynx. 

5. The sac enlarges and becomes spindle-shaped. Then a portion of it is con- 
stricted off to form a food-vacuole. 

6. The constriction is probably due to local simultaneous inward pressure of 
the oesophageal fibers. 

7. The food-vacuoles vary greatly in size. 

8. Initiation of the constriction in the sac and the size of the food-vacuole formed 
by it are not specifically correlated with the size of the sac or particles in suspension 
in the fluid in it or the chemical composition of this fluid, but they are to some 
extent dependent upon these factors, especially the chemical composition of the fluid. 

9. The concentration of particles in suspension in the fluid in the oesophageal 
sac increases as the sac increases in size. This is largely due to the passage of fluid 
through the oesophageal membrane into the cytoplasm. 

10. After the food-vacuole is formed, it passes rapidly on a fixed course through 
the cytoplasm to the posterior end of the body and then slowly on a varied course 
to the anal spot in the wall of the vestibulum. The rapid movement is probably due 
to waves passing synchronously along the fibers. The slow movement is due to 
cyclosis. 

11. After the vacuole has reached the posterior end of the body it usually be- 
comes spherical in form and gradually decreases greatly in size; as it decreases in 
size the acidity of its content increases to a maximum of pH 3.2, then it increases 
very rapidly in size and the acidity of its content decreases to pH 6.9. 

12. The hydrogen-ion concentration of the fluid in the cytoplasm is approxi- 
mately pH 7. 
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13. The decrease in size requires about two minutes. It is due in part to exces- 
sive external osmotic concentration and in part to inward pressure of the stretched 
membrane at the surface. The increase in size requires about three seconds. It is 
due to excessive internal osmotic concentration probably caused by chemical changes 
produced by the increase in the acidity of its content. 

14. The increase in the acidity of the content of the vacuole is probably largely 
due to the production of acid, owing to metabolism in the peristome, the vestibulum 
and the pharynx and impermeability of the vacuolar membrane to organic acid, 
resulting in its retention and consequent concentration as the vacuole decreases in 
size. 

15. The decrease in acidity is due to the flooding of the vacuole with fluid from 
the cytoplasm. 

16. The osmotic concentration of the fluid in the cytoplasm of Vorticella varies 
directly with that of the surrounding medium. The former is higher than the 
latter approximately by an equivalent of 0.0125 M lactose or 0.3282 atmospheres. 
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HYDROGEN-ION CONCENTRATION OF ALBUMEN AND YOLK 
OF THE DEVELOPING AVIAN EGG 


ALEXIS L. ROMANOFF 


Agricultural Experiment Station, Cornell University, Ithaca, New York 


The changes in hydrogen-ion concentration of the albumen and yolk in the avian 
egg have been considered as indicative of the character of the metabolic processes 
occurring within the egg. These changes are, therefore, of importance in studies 
of embryonic development (Needham, 1931; Romanoff and Hayward, 1943). 

A review of the literature (Needham, 1931; Romanoff and Romanoff, 1929) 
indicates that considerable work has been done on the hydrogen-ion concentration 
of the hen’s egg and very little on the eggs of other species (Shklyer, 1937). It is 
of interest to know whether or not the changes in this physical property of eggs are 
similar in different species of birds. 


METHODS AND MATERIALS 


To obtain these data the present study includes the eggs of the Leghorn chicken 
(Gallus gallus), Ring-necked pheasant (Phasianus torquatus), Bobwhite-quail (Co- 
linus virginianus ), White Holland turkey (Meleagris gallopavo), Pekin duck (Anas 
platyrhynchos) and of domestic goose (Anser anser). Particular effort was made 


to obtain eggs as fresh as possible. On an average the chicken eggs were one or two 
hours old, while the age of the eggs of other species varied from 24 to 36 hours. 
The pH value was determined electrometrically, using an hydrogen electrode. The 
observations were carried out: (1) on the albumen until it was merged with the 
yolk sac, thus losing its physical entity, and (2) on the yolk until hatching time. 


EXPERIMENTAL RESULTS 
Egg albumen 


The data for hydrogen-ion changes in albumen (Fig. 1 4) show a striking simi- 
larity in all the curves. The initial rise in pH, from as low as 7.6 to as high as 9.5, 
at the beginning of incubation is followed first by a rapid, then by a more gradual 
decrease to approximate neutrality. All values obtained were for the middle dense 
layer of albumen, for it has been shown (Romanoff, 1943a) that the pH values of 
the different layers do not vary to any great extent even in fresh eggs. The results 
presented here agree with those of Shklyer (1937) for hens, turkeys, ducks and 
geese in all essentials except for the initial pH values which were higher than ours. 
Evidently the eggs used by Shklyer in his experiments were of more advanced age 
before their setting for incubation. 


Egg yolk 
Previous observations show that at certain stages of incubation there is a mor- 
phological differentiation of egg yolk into two fractions—dense and liquefied (Roma- 
noff, 1943b), with quite distinct electrical conductivities (Romanoff and Grover, 
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1936). For that reason, as was anticipated, the dense egg yolk undergoes an en- 
tirely different change in hydrogen-ion concentration. There is a gradual rise from 
slight acidity, of about pH 6.0, to an alkalinity of about pH 7.8 near the end of the 
incubation period (Fig. 1 B). Then the pH values decrease slightly before the 
time of hatching. The data for all species follow the same general trend of change. 
This again is in close agreement with data published by Shklyer (1937). 
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Ficure 1. Changes in pH of avian eggs during embryonic development: A, albumen, 
B, dense yolk, and C, liquefied yolk. The data based on observations of over 600 eggs, daily 
averaging from 3 to 15 eggs for each species. 


The liquefied yolk of avian eggs is consistently more alkaline in reaction than the 
semi-solid or dense portion (Fig. 1 C). According to Shklyer (1937) the liquefied 
yolk in the egg of the domestic fowl maintains an average pH value of about 7.7 
throughout its period of existence. 


DISCUSSION 


It is now recognized that to obtain comparable results, certain variables must be 
controlled in ascertaining changes in the hydrogen-ion concentration of the develop- 
ing egg; this is especially true of the albumen. Two of the most important of these 
variables are the age of the egg at the time of setting for incubation, and the condi- 
tions under which they have been kept in storage. 
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The pH value of the albumen increases rapidly in an egg with aging (Romanoff 
and Romanoff, 1929). Unless eggs are set for incubation immediately after laying, 
the initial rise in pH of albumen during the development may not be fully observed. 
For this reason the values for the incubated eggs given by other investigators (see 
reviews by Romanoff and Romanoff, 1929; Needham, 1931; and Shklyer, 1937) 
frequently show high initial pH value, which afterwards has only a steady decrease 
towards acidity. The older the egg at the beginning of the incubation the nearer 
the pH value will be to the peak of alkalinity in the initial stages. In eggs kept 
under ordinary environmental conditions (temperature about 12-13° C.) for only 
about seven days, the portion of the curve showing a rapid rise in pH would be 
almost completely eliminated. Consequently without adequate control of the age 
of the egg, the results of many former studies demonstrate either only a very slight 
rise in the curve (Gueylard and Portier, 1925; Penionschkevitch, 1934; Berenstein 
and Penionschkevich, 1935) or none at all (Aggazzotti, 1913; Buytendijk and 
Woerdeman, 1927 ; Shklyer, 1937). 

The initial rapid rise in the pH of the albumen during early incubation, as well 
as in storage, has been shown to be caused by the loss of carbon dioxide (Sharp and 
Powell, 1931; Brooks and Pace, 1938). It has been determined experimentally 
that the pH of the egg albumen is in direct relationship to the concentration of car- 
bon dioxide in the incubator (Romanoff and Romanoff, 1930, 1933). With 10 
per cent of carbon dioxide in the air the pH value of albumen does not rise at all— 
the curve flattens out, and the normal peak of high alkalinity is not observed. Simi- 
larly in storage at low temperature (0° C.), the rise in pH may be prevented by 
high carbon dioxide pressure (Moran, 1937). 

It is the author’s experience that with the eggs of the same preincubation age, 
the incubating temperature, within the range of embryonic survival, 35.5—39.5° C. 
(Romanoff, Smith and Sullivan, 1938), has a very insignificant effect on the vari- 
ation in hydrogen-ion concentration of albumen and yolk. Also, negative results 
were obtained with the changes of relative humidity in the incubator (Penionsch- 
kevitch, 1934). However, according to Sharp and Powell (1931), the rise in pH 
of egg albumen prior to incubation is hastened by a higher temperature. 


SUMMARY 


The observations on incubated eggs of chicken, pheasant, quail, turkey, duck, 
and goose clearly indicate that changes in hydrogen-ion concentration of albumen, 
and of dense and liquefied portions of yolk are similar for all species studied, and 
suggest a pattern which may be characteristic of all avian eggs. In the albumen 
there is a rapid rise in pH, then a fall; in the dense yolk, a gradual rise with a slight 
fall at hatching ; and in the liquefied yolk during its existence, high pH value without 
change. 

The initial pH value of egg albumen during embryonic development depends 
chiefly upon the preincubation age of the egg—fresh eggs would give low, while 
older eggs would give high pH values of albumen at the beginning of incubation. 


LITERATURE CITED 


Accazzortt, A., 1913. Influenza dell’aria rarefatta sull’ontogenesi; Nota II. La reazione dei 
liquidi dell’ovo durante lo sviluppo. Arch. f. Entwmech. Org., 37: 1-28. 





226 A. L. ROMANOFF 


BERENSTEIN, F. J., AaNp E. E. Pentonscukevitcu, 1935. Ueber die aktive Reaktion des Inhalts 
der Hihner- und Enteneier wahrend der Inkubationsperiode. Physiol. Jour. 
(U.S.S.R.), 18: 654-659. 

Brooks, J., AND Pace, 1938. Distribution of carbon dioxide in the hen egg. Proc. Roy. Soc. 
London, B, 126: 196-210. 

BuyTenpijk, F. J. J.. anp M. W. WoerpeMAN, 1927. Die physico-chemischen Erscheinungen 
wahrend des Eientwicklung. I. Die Messung der Wasserstoffionenkonzentration. 

irch. f. Entwmech. Org., 112: 387-410. 

GUEYLARD, F., AND P. Portier, 1925. Réaction ionique des differents constituants de l’oeuf de 
la poule. Ses modifications au cours de l'incubation. Compt. Rend. Acad. Sci., 180: 
1962-1963. 

Moran, T., 1937. Gas storage of eggs. Jour. Soc. Chem. Ind., 56 (T.): 96-101. 

NEEDHAM, J. 1931. Chemical embryology. Cambridge University Press. 

PENIONSCHKEvVITCH, E. E., 1934. Die Veranderung der aktiven Reaktion (pH) des Eiweisses 
und Dotters der Hiihnereier bei verschiedenen Brutbedingungen. Archiv. f. Gefliigel- 
kunde, 8: 273-280. 

Romanorr, A. L., 1943a. Assimilation of avian yolk and albumen under normal and extreme 
incubating temperatures. Anat. Rec., 86: 143-148. 

Romanorr, A. L., 1943b. Morphological and physiochemical differentiation in various layers 
of avian albumen. Food Research, 8: 286-291. 

Romanorr, A. L., anp H. J. Grover, 1936. Electrical conductivity of yolk, albumen, allantoic 
and amniotic fluids of the developing birds’ eggs. Jour. Cell. and Comp. Physiol., 7: 
425-431. 

Romanorr, A. L., anp F. W. Haywarpb, 1943. Changes in volume and physical properties of 
allantoic and amniotic fluids under normal and extreme temperatures. Biol. Bull., 84: 
141-147. 

Romanorr, A. L., ano A. J. Romanorr, 1929. Changes in pH of albumen and yolk in the 
course of embryonic development under natural and artificial incubation. Biol. Bull. 
57: 300-306. 

RomMaNnorrF, A. L., anp A. J. Romanorr, 1930. Effect of carbon dioxide on pH of albumen 
in the developing hen’s egg. Jour. Exp. Zool., 56: 451-457. 

RomaAnorr, A, L., AND A. J. RomaAnorr, 1933. Biochemistry and biophysics of the developing 
hen’s egg. II. Influence of composition of air. Cornell Univ. Agr. Exp. Sta. 
Memoir 150: 1-36. 

Romanorr, A. L., L. L. Smirn, ano R. A. SuLtivan, 1938. Biochemistry and biophysics of 
the developing egg. III. Influence of temperature. Cornell Univ. Agr. Exp. Sta. 
Memoir 216: 1-42. 

Suarp, P. F., anp C. K. Powe tt, 1931. Increase in the pH of the white and yolk of hens’ 
eggs. Ind. Eng. Chem., 23: 196-199. 

Suktyer, N. M., 1937. A study of physico-chemical changes in the egg during embryonic de- 
velopment of birds. I. Changes in the concentration of hydrogen-ion in relation to 
embryonic development in the eggs of domestic fowl (hens, turkeys, ducks, geese). 
Ukrainian Biochem. Jour., 2: 379-406. 





ON THE INTERPRETATION OF RATES OF REGENERATION 
IN TUBULARIA, AND THE SIGNIFICANCE OF THE 
INDEPENDENCE OF MASS AND TIME! 


S. SPIEGELMAN AND FLORENCE MOOG 


Department of Zoology, Washington University, Saint Louis, Department of Zoology, Columbia 
University, New York, and The Marine Biological Laboratory, Woods Hole 


In his investigations into the metabolic basis of dominance in Tubularia stems 
and into the factors involved in hydranth regeneration, Barth (1938a, b) proposed 
as a measure of regeneration rate L/t, in which L is the length of the regenerating 
primordium and ¢ the time in hours from the removal of the old hydranth to the 
appearance of a constriction between the primordium of the new hydranth and 
the rest of the stem. In some cases Barth also used rr*L/t, where r is the radius 
of the stem; but with uniform short stems 7 is virtually constant and L becomes 
an adequate estimate of the mass or volume of tissue involved. Although ad- 
mitting that variation in primordium length occurs, Child (1940) criticized Barth’s 
definition on the grounds that since growth or increase in cell number is not 
involved in the reconstitution, the inclusion of mass or volume in the measure- 
ment of rate is of doubtful validity. Child therefore maintained that 1/t gives 
a better indication of the kinetics of the process. Miller (1942), contending that 
Barth’s definition is ‘‘. . . based on the implied assumption that length and time 
are inversely related to one another,” also questioned the validity of the “implied 
assumption”’ on the basis of experiments in which length varied although time 
did not. Needless to say, Barth’s definition of regeneration rate no more implies 
an inverse relation between the components of the ratio than the usual definition 
of velocity implies an inverse relation between distance and time. 

It is important to note that 1/t, commonly used as a measure of rate, is not 
free of ambiguity. Since the ‘‘one”’ in the numerator is a dimensionless quantity, 
it is clear that the magnitude defined by 1/t is not a rate in the generally accepted 
sense. Ordinarily other dimensions such as mass or length are involved, either 
alone or in combination, in determination of rate.2 This is particularly true when 
such dimensions enter into the process being studied. Regeneration and differ- 
entiation, for example, while not usually accompanied by a net mass increase 
(growth), do imply the occurrence of transformation of mass from one type into 
another. Presumably these transformations can ultimately be referred to the 
formation of certain types of compounds at the expense of others. On this basis, 
then, a rational definition of rate of development would consider the mass of 
tissue transformed, and might be formulated in terms of mass per unit time. It 
is admitted that in many cases the difficulty of obtaining mass or. volume measure- 


1 Aided by grants from a Rockefeller Foundation fund administered by Dr. H. B. Steinbach; 
and from the Dyckman Fund of the Department of Zoology, Columbia University. 

2 The familiar exception is angular velocity, which has the form 1/t. Even here however the 
‘‘one”’ in the numerator is a consequence of the definition of an angle, which is the ratio of two 


lengths and therefore dimensionless. 
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ments of the differentiated tissue has made the use of the 1/t definition of rate 
necessary; nevertheless it may be of value to recognize that 1/t does differ from 
other rates, and to attempt a more precise interpretation of its significance. An 
analysis of this kind becomes of paramount importance in those investigations 
which seek to correlate metabolic and developmental rates. Such physiological 
rates as Qo,, Qco,, or Q5, involve a measurement of mass as well as time. Un- 
critical comparisons between these rates and 1/t, which neglect the mass trans- 
formed, may well lead to erroneous conclusions. 

In a previous study of the effects of various respiratory inhibitors on regenera- 
tion and respiration rates, the present authors (Moog and Spiegelman, 1942) 
used Barth’s definition of regeneration rate in establishing that with certain in- 
hibitors (e.g., urethanes, azide) rather drastic decreases in regeneration rates can 
occur without any concomitant measureable effects on Qo,. But subsequent 
experiments by Moog (1942) and Spiegelman (1942) indicated clearly that length 
and time may be independently affected, and so brought out the inadequacy of 
L/t expression of regeneration rate as a means of comparing directly the results 
obtained with a variety of agents. A similar situation was noted by Miller (1942), 
and also by Spiegelman and Goldin (1944) in interpreting the parallel effects of 
pH variation on regeneration and respiration rates. 

Thus it seemed desirable to re-examine the extent of the independence of L 
and ¢ under different experimental conditions in a more systematic way than had 
previously been attempted. On the basis of the data obtained and presented 
here, the significance of L/t as a rate measure will be examined, and the inde- 
pendent variation of L and ¢ will be interpreted in terms of synthetic reactions 
in open systems approaching the steady state. 


MATERIALS AND METHODS 


The solutions used were made up fresh each week in filtered sea water, and 
when necessary were adjusted to pH 8.2 with hydrochloric acid. Young un- 
branched stems uniform in translucence, length, and diameter were selected from 
colonies freshly gathered from the waters of Vineyard Sound or Cape Cod Bay 
during the months of July and August. Stem segments 6 mm. in length were 
cut from regions about five mm. proximal to the hydranth. Groups of 25 stem 
segments were kept in 100 ml. of the appropriate solution in partly filled, tightly 
stoppered flasks which were shaken at intervals to redistribute the oxygen. Solu- 
tions were changed daily, but the stems were kept in the flasks until they re- 
constituted or were finally transferred to fresh sea water, after four or five days. 
They were counted as totally inhibited, with rate of regeneration zero, if after 
being transferred they developed hydranths. In the temperature experiments, 
the desired temperatures, held constant to 0.5° or better, were obtained with 
water baths or incubators placed in cold rooms. Solutions in which stem segments 
were placed were brought to temperature before use. 


RESULTS 
A. Narcotics 


Table I summarizes the results obtained with different narcotics at various 
concentrations. In the case of ethyl urethane decreases are not observed in re- 
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TABLE | 


The effects of narcotics on regeneration of Tubularia 
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generation rate (L/t) until the concentration reaches about 0.1 molar. Although 
the sensitivity does vary from group to group it is evident that the major effect 
is on the time to constriction. This is made strikingly apparent by figure 1, 
which is a plot of both primordium length and time to constriction, expressed 
as per cent of control, against the logarithm of the molar concentration multi- 
plied by 10°. Here over a concentration range which produces a 44 per cent 
decrease in the 1/t factor, the lengths of the regenerating primordia remain 
unaffected. 


% NORMAL 


ETHYL URETHANE 


3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 
In(C*10°) 


FiGuRE 1. The effect of ethyl urethane on rate (1/t) of regeneration (open circles) and on length 
of the regenerating primordium (half-closed circles). Data from experiment 2, Table I. 


With both phenyl! urethane and chloretone the results are quite different. 
[It is evident from Table | that within the concentration range in which decreases 
in regeneration rate are obtained, the inhibition involves comparable decreases 
in both the Z and 1/¢t factors. The difference between the data obtained with 
these two narcotics and that obtained with ethyl urethane is illustrated by figure 2, 
which represents the data of experiment 6, with chloretone. In comparison with 
the effects of ethyl urethane, the parallelism of effects here is clear. 


B. Cyanide, azide, and oxygen tension. 


Tables Il and [11 summarize the data obtained with these reagents. The 
regeneration rate L/t is extremely sensitive to even relatively low concentrations 
of cyanide. Thus 6 X 10~-* molar cyanide caused a 17 per cent reduction in L/t, 
and 5 X 10-° molar a 61 per cent reduction. However it will be noted that these 
reductions were due almost entirely to diminishing 1/t values. This is illustrated 
by figure 3, which is a plot of the data of experiment 8; there it may be seen that 
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in a concentration range which yielded a 61 per cent decrease in the 1/t factor 
the length was affected only to the extent of six per cent. The use of higher 
concentrations however led quickly to drastic reductions in the amount of tissue 
transformed. 

In the case of azide in the range from 1 X 10-* molar to 2 X 10-* molar, the 
differential effect on the factors of the rate was not as clear-cut as in the case of 
cyanide. There was again however a tendency for the length to be less sensitive 
to lower concentrations than 1/t. Thus in experiment 10, 7 X 10~* molar azide 
decreased 1/t by 43 per cent and length by eight per cent. In experiment 12, 
the same concentration resulted in a 38 per cent decrease in 1/t and a 12 per cent 
decrease in length. 
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FIGURE 2. The effect of chloretone on rate (1/t) of regeneration (open circles), and on length of 


the regenerating primordium (half-closed circles). Data from experiment 6, Table I. 


Both cyanide and azide presumably act by poisoning the cytochrome-cyto- 
chrome oxidase system. A study of their effects on both respiration and recon- 
stitution (Moog and Spiegelman, 1942) has however indicated that they follow 
different pathways in depressing the regeneration process, for cyanide inhibition 
of reconstitution was always accompanied by a strong depression of the respira- 
tory rate, whereas azide, in a concentration which invariably cuts the reconstitu- 
tion rate by at least 80 per cent, scarcely altered the rate of oxygen uptake at all. 
The data presented in Table II further indicate that the ultimate effect of azide 
differs from that of cyanide. In the case of cyanide a 20 per cent decrease in 
length is accompanied by a 70 per cent increase in time to constriction, but a 
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TABLE II 


Concentration 
(moles/liter) 
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The effects of cyanide and azide on regeneration of Tubularia 


Number 


ot 
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Time 


| (hours) 
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0.0275 
0.0159 
0.0132 
0.0113 
0.0085 
0.0078 


0.0382 
0.0370 
0.0325 
0.0269 
0.0157 
0.0081 
0.0060 
0.0058 
0.0048 


0.0215 
0.0268 
0.0241 
0.0229 
0.0206 
0.0139 
0.0109 


0.0338 
0.0294 
0.0201 
0.0314 
0.0274 
0.0222 
0.0195 
0.0179 
0.0177 
0.0161 


0.0274 
0.0298 
0.0288 
0.0246 
0.0180 
0.0132 


0.0328 
0.0259 
0.0266 
0.0242 
0.0203 
0.0224 
0.0219 
0.0159 
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710 


1349 
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TABLE III 
The effect of varying oxygen tensions on regeneration of Tubularia 


Length Length/time 


Oxygen Number Time aaa oe a a eae sinlieatia a 
tension of house) iO 
cc./liter) stems % of con- | 


Lit % ot con- % of con 
trol 


| 
Micra trol | ; trol 
| | 
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20 26. 0.0374 98 1370 | 100 | Sit | 93 
20 26. 0.0381 | 100 1365 | 99 52. 99 
20 24, 0.0408 | 107 1640 120 O | 128 
20 24. 0.0407 | 106 1809 | 132 3.5 140 
20 24. 0.0415 106 1840 134 | 765 | 146 
20 23. 0.0422 111 | 135 9 | 148 


3. 
4. 
4. 

8. 
11. 


14. 
16. 
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* Dish open to air. 


comparable decrease in length by azide poisoning yields only about a 35 per cent 
increase in time. 

In considering the role the oxygen-utilizing system plays in regeneration, it 
is of interest to examine, from the point of view of this paper, Barth’s (1938b) 
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FicurE 3. The effect of cyanide on rate (1/t) of regeneration (open circles), and on length of the 
regenerating primordium (half-closed circles). Data from experiment 8, Table II. 
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data on regeneration rates at various oxygen tensions. Table III gives the calcu- 
lations made from Barth’s experiment 7 on young stems comparable to the ma- 
terial used in the present study. There are not enough data on the effect of low 
oxygen tensions to determine definitely whether unavailability of oxygen acts 
in the same way as cyanide. The indication is however that cyanide involves 
other factors, since at 2.4 cc. of oxygen per liter a 22 per cent decrease in length 
is accompanied by only a 28 per cent increase in time to constriction. The 
interesting fact to emerge from Table III, in any case, is that at high oxygen 


TABLE IV 


The influence of temperature on regeneration of Tubularia 


| | 
| 


| Rate | Length | Length/time 
| 


ee Time | 
(hours) af - ” 
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trol he : trol | | trol 
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0.0325 | 1140 | 1100 | 985 | | 111.9 
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* 18.7° was chosen as the control temperature since it is closest to the natural optimum of 
the material. 


tensions the increased regeneration rate, which can go as high as 148 per cent of 
normal, results in major part from increases in the mass of tissue transformed. 
Thus at 14.3 cc./liter the Z factor is 34 per cent above normal, whereas the 1/t 
factor is increased only six per cent. This is in sharp contrast to the effect of 
cyanide, which over a wide range influences the regeneration rate by changing 
the 1/t factor while leaving the Z factor relatively unaffected. 


C. Temperature 
The most striking exhibition of the independence of the length and time 
factors emerges from the data on the influence of temperature on regeneration, 
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FiGurE 4. The effect of temperature on rate (1/t) of regeneration (half-closed circles), and on 
length of the regenerating primordium (open circles). Data from experiment 17, Table IV. 


as summarized in Table IV; the actually opposite effects of temperature on the 
two rate components are illustrated in figure 4, which is a graph of experiment 
17. It is of interest for later discussion to note that, in addition to moving in 
different directions, the two factors are independently sensitive to temperature 
changes. Table V shows the Qi» values calculated from 7° to 22° C. in five degree 
intervals. Each value in the ‘average’? column was obtained from the results 
of four separate determinations. The average value over the entire range is also 
noted. The high values in each set of four experiments are included in the table 
to give an estimate of the upper limit of sensitivity for the two factors. 


TABLE V 


Temperature coefficients (Qo) for length and rate in the regeneration of Tubularia 


Length Rate (1/t) 
Temperature 


range -—- ——_________—— —|- . ee sie theeiheteseeiianiateinatanits 
. 





Average | High | Average High 
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It is evident that the Q1o values for 1/t are consistently higher both in the 
average and in the highest limits attained than those for L. It will also be noted 
that Q1o for length scarcely changes from low to high temperatures, while on the 
other hand the coefficient of the 1/t factor drops 0.57 from the lowest five degree 
interval to the highest. 

Attempts have been made to explain such differences by invoking two separate 
processes unlike in their temperature sensitivities, one controlling the mass of 
tissue transformed and the other the time to constriction. Yet fundamentally 
length and time may be merely measurements of separate aspects of the same 
process. From this point of view it is more likely that the true explanation of 
the different responses to temperature is to be found in the purely numerical 
character of the terms which determine the two magnitudes, and in the way these 
magnitudes depend on parameters which vary with temperature. We hope to 
show in the discussion that this view is quite plausible. For the moment, how- 
ever, it is sufficient to point out that the independent responses to temperature of 
L and t serve to emphasize further the independence displayed by the temperature 
coefficients. 


DISCUSSION 


That the mass of tissue involved in Tubularia reconstitution is independent 
of the time to constriction of the new primordium has been demonstrated with 
a variety of effective agents. It is evident then that L/t cannot be used as a 
measure of rate under different conditions unless it is accompanied by separate 
analyses of the behavior of the two components of the ratio. Thus for example 


the L/t ratio might be found constant over a range of temperature because of 
inversely proportionate effects on length and 1/t. It is equally evident that the 
solution of the problem will not be reached by ignoring one or the other of the 
factors; for example, 1/t would not constitute an adequate description of the 
effect of high oxygen tension on the regenerative process. 

From another point of view L/t, despite its correct dimensionality, may be 
expected to prove to be a relatively inaccurate measure of transformation rate. 
For the ¢ in the definition is unlike similar factors in ordinary rate formulae, but 
is unique in the sense that it is determined by a stage in the development of the 
system. Its use implies the possibility of measuring rate by taking only two 
points (zero time and the time to the stage chosen) on the transformation-time 
curve and using the slope of the line connecting the two points as the rate of 
the process. Accuracy under such circumstances would be obtained only if the 
transformation-time curve were perfectly linear, i.e., if the rate up to the stage 
chosen were constant. In the case of a non-linear curve the approximation 
would become more and more crude with increasing deviation from linearity as 
well as with increasing distance between the selected points. 

Thus the approximate nature of L/t as a rate measure may be easily recog- 
nized; the reasons for the relative independence of the length and time com- 
ponents, however, are not so evident. An insight into some of the factors in- 
volved may perhaps be gained by examining an attempt to measure the course 
of a simple chemical reaction by the same method, i.e., selecting only two points 
for observation, one at ¢ = 0 and the other close to the end of the process, 
when the system becomes time-independent. So let us assume the following 
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transformation 
Sz @. (1) 


the forward and backward reactions having velocity constants of k and k’ re- 
spectively. Let s and A represent the initial concentrations of S and H, and x 
the number of moles of S transformed into H in ¢ minutes. Then at the end 
of t minutes, (s — x) is the concentration of S and (hk + x) is the concentration 
of H. After suitable rearrangements the transformation rate at any moment 
is given by 

dx 


- = (k, — k’h) — (kR + k’)x. (2) 
dt 


Equation (2) may be integrated to yield the complete time course of the trans- 
formation, which takes the form 


x= A — Ae~te yt (3) 
where 
kis — k/h 
‘<r (a) 


It is evident from equation (3) that as ¢ increases the exponential term becomes 
smaller and x approaches A, which represents its equilibrium value. Generally 
in measuring regeneration rates, and particularly in hydranth reconstitution, 
the stage chosen is one close to the end of the process, beyond which no further 
significant transformation occurs. A comparable ¢, in the simplified system being 
examined, would be one sufficiently large to make the exponential term nu- 
merically negligible. Let such a particular ¢ be represented by JT. At such time 
the amount of H present, a measure which would be comparable to the Z in 
the regeneration rate formula, would be given by (kh + A). The “rate” analagous 
to L/t then takes the form 


h+A ; 
rate = —_—- (5) 


T 


Examination of equations (3) and (4) reveals why the components of a rate 
so determined may be independent. The magnitude of ¢ which will reduce the 
value of Ae~“**”* sufficiently to make x time-independent obviously depends on 
the magnitudes of A and (k + k’). Any experimental procedure which either 
increases or decreases k and k’ proportionately will leave A, and consequently 
(h + A), undisturbed, but will change the ¢ (i.e., JT) necessary to reduce the 
second term to insignificance. Under such conditions, the rate as defined by 
equation (5) would vary solely because of a changing denominator, the mass 
factor in the numerator remaining constant. On the other hand, an experimental 
procedure that varied s, the initial concentration of S, might from an observa- 
tional point of view affect only the mass, since A is a function of s. Strictly 
speaking, any change in A also influences the T value, since A is included as a 
factor in the time-determining term. However, in any combination of an or- 
dinary algebraic and an exponential factor, the latter quickly predominates in 
determining the numerical value of the product. Thus, unless the variation in 
s produced a very marked change in A, the T values before and after the change 
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might not be experimentally distinguishable, even though the difference in the A 
values were easily detected. 

It is hardly conceivable that the complex of processes leading to the reconsti- 
tution of a hydranth can have much resemblance to the simple reaction repre- 
sented by equation (1). About the only properties the two have in common are 
that they both involve molecular transformation and that they both take time 
to arrive at a time-independent state. The fact that the ‘‘rate’’ of the chemical 
reaction as defined by equation (5) exhibits many of the characteristics experi- 
mentally found for L/t is most likely inherent in the basic similarities underlying 
the two definitions. The approximate nature of both rate formulations would 
tend to conceal any differences in the processes they are used to measure. In 
any case, the above analysis strongly suggests the possibility that some of the 
peculiarities of the L/t rate found experimentally with the various reagents 
may in part be characteristic of the definition rather than of the mechanism 
of regeneration. 

It is worthy of note that the decrease in L observed at higher temperatures 
is not shown by the mass factor of the rate described by equation (5). The 
numerical reason for the constancy of the numerator with temperature variation 
is that a temperature change can only yield proportionate changes in the forward 
and backward velocity constants; since these appear to the same powers in both 
the numerator and the denominator of A, the net result is that A remains con- 
stant. Underlying this behavior is the fundamentally important fact that equa- 
tion (1) represents a reaction occurring in a closed system and as such its equi- 
librium point, as far as the concentration of reactants is concerned, is independent 
of temperature. 

If the temperature variation of L is to be examined, therefore, it is necessary 
to study an open system whose time-independence is maintained by a constant 
flow of material or energy through it. As has already been pointed out by 
Burton (1939), open systems are far more likely than closed systems to possess 
kinetic characteristics typical of living organisms, simply because the latter are 
themselves open systems, and approach steady states rather than true thermo- 
dynamic equilibria. If instead of equation (1) we introduce a source O for S, 
and a sink P for H, the system becomes an open one, since the concentrations of 
S and H now become dependent on parameters external to the transformation, 
namely the levels of O and P. For purposes of simplicity we shall assume that 
the back reaction k’ is either zero or at least negligibly small as compared with 
the forward reaction. This is plausible whether we consider the S to H trans- 
formation itself the energy-yielding reaction which leads to hydranth synthesis, 
or whether we regard the transformation as being driven by some other energy- 
yielding reaction. In the first case the transformation would tend to be relatively 
irreversible, in the second the coupled energy-yielding reaction would tend to 
make the reverse reaction from H to S relatively insignificant. Instead of (1) 
then we may write 

® & & 
O—-S—-H-P. (6) 


The velocity constants, k, and k,, connecting O to S and H to P respectively, 
are taken to represent both the forward and the backward velocities of the two 
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reactions they govern. This assumption of equal forward and backward ve- 
locities, while not necessary for the analysis, avoids the undue complication that 
would result from too many constants. In addition, if O represents a type of 
source in which S-substrate diffuses from O to the site of the reaction, and P 
represents a type of sink toward which the produced H diffuses, then the assump- 
tion of equality would exactly describe the situation. Letting C., C,, Cr, and C, 
represent the concentration levels of O, S, H, and P, the following equation may 
be written for the kinetics of the transformation of S into H 


iC, 
— ht ~ Ch, + BD. (7) 
dt 


Integrating equation (7) vields the time variation of the concentration of S, 
which is given by 


C, = B+ Ge Moth)t (8) 
where 
af 
a c C 
B Rik (9) 
and 
G = (C., — B), (10) 


C,, being the concentration of S at zero time. Equation (8) is formally identical 
with equation (3). It is readily seen from equation (8) that B represents the 
time-independent or steady state value of C, and is analagous to A of the previous 
case. Setting up for the present system a rate similar to L/t and equation (5), 
we may write 


B 
Rate = T (11) 


in which T has the same significance as in (5). 

Thus again, by the same arguments used in the analysis of a reaction going 
to equilibrium, which need not be repeated here, it becomes evident that differ- 
ential effects on either mass or T factor in (11) may be obtained. Thus a suitable 
experimental procedure which affected only C, would manifest itself by marked 
changes in B and weak changes in T. Such may well be the explanation for the 
results of Barth’s experiments on the effects of high oxygen tension, in which the 
length was increased strongly and the T factor very little. The implication that 
high oxygen tension raises the level of the source for S (i.e., C,) fits into the 
hypothesis proposed by Barth (1940) that oxygen is directly involved in the 
synthesis of a substance S whose transformation yields hydranth. 

Again as in the previous case, treatments which affect the velocity constants 
k, and k would result in marked variations in T as compared with B. On the 
basis of this analysis, one would then interpret the results with ethyl urethane, 
sodium cyanide, and sodium azide in terms of decrease of the values of velocity 
constants by poisoning of the enzymes involved in the transformation. Phenyl 
urethane and chloretone on the other hand, in addition to decreasing the velocity 
constants, also appear to lower the C, value by interfering with the synthesis of 
the substance S or its immediate precursors. 
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Since increases in temperature raise the values of velocity constants, it is 
evident why lower 7 values are found at higher temperatures. A possible reason 
for the decrease of mass transformed with increasing temperatures may be found 
in an examination of the effects of variations in k, and k; on B, the steady state 
value of C,. The change in B for variations in the velocity constants is given by 


C.(kdke — kok) 


a8 7 (Ro + k,)? 


(12) 


We are concerned here with temperature increases; consequently both dk, and 
dk will be increments, i.e., positive quantities. All other factors of the right-hand 
member of (12) being positive, it is clear that dB will be either positive or negative 
according as (kdk, — k,dk) is either positive or negative. Thus the mass factor 
will decrease with increasing temperature if 


kdk, — kodk < 0. (13) 


Inequality (13) can be satisfied in several ways. Thus for example, if k, were 
of the nature of a diffusion coefficient and k the velocity of a chemical reaction, 
then for a given rise in temperature the increment in k, would be about half that 
realized by k. Inequality (13) then becomes 


k 
az (5 -& ) <0 


and is satisfied if k < 2k,. If on the other hand the -two processes have the 
same temperature coefficients, so that dk were equal to dk,, inequality (13) could 
be satisfied if &, were greater than k. Whatever the intimate details of the situa- 
tion may actually be, it is evident that opposing responses of mass and time 
found in regeneration may plausibly be explained as an expression of the opera- 
tion of an open system approaching a steady state. Decreases of size with in- 
creasing temperature are not confined to regeneration in Tubularia, but are a 
general phenomenon of development and have been studied in other forms in- 
cluding the trout (Gray, 1928; Merriman, 1935), the whitefish (Price, 1940), and 
the frog (Chambers, 1908). 

The different sensitivities to temperature of length and time apparent in the 
Qi values given in Table V find their most plausible explanation in the algebraic 
composition of the two terms that determine them. We have already noted 
that in the special case in which the Qi values of k, and k are equal, the Qi for 
the mass would be unity since proportional increases in these constants would 
cancel out and leave B unchanged for any temperature rise. On the other hand 
T, since it is determined by the sum of k, and k, would be affected more or less 
strongly according to the magnitude of the temperature change. This same 
difference in response will be carried over to the more general case where the 
temperature coefficients of k, and k differ. By the very nature of the dependence 
of B on these constants, increases or decreases in the constants cannot result in 
as marked changes in B as they would in 7, which is exponentially dependent 
on their sum. 
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It is apparent from this discussion that neither 1/¢ nor L/t can be treated as 
ordinary rates. However the L/t definition of regeneration rate, if supplemented 
by a further analysis of the separate behavior of Z and 1/f, can yield interpretable 
information on the regeneration process. The omission of the mass factor is 
surely not justifiable on the grounds of “correcting” the L/t definition. The 
latter will in many cases yield information which the “‘corrected’”’ rate would 
miss entirely. 


SUMMARY 


1. Data are presented which show that various agents produce differential 
effects on the length of the regenerating primordium of a Tubularia hydranth and 
on the time to the constriction of the primordium from the rest of the stem. 

2. The significance of this independence of length and time for the L/t 
formulation of regeneration rate is discussed. 

3. The differential effects are interpreted in terms of a reaction approaching 
a steady state in an open system. 

4. The criticisms of the L/t definition and the proposed substitution of 1/¢ 
are discussed in terms of the above analysis. It is concluded that the L/t defini- 
tion, if supplemented by a further analysis of the independent behavior of L 
and 1/t, provides a useful and informative measurement of regeneration. 
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A comparison of data on the secretory activity of nerve cells in invertebrates 
with those obtained from corresponding studies in vertebrates revealed an interest- 
ing parallelism between the intercerebralis-cardiacum-allatum system of insects and 
the hypothalamo-hypophyseal system of vertebrates. The functional mechanism in- 
volved cannot be fully explained at present; but the observations are in themselves 
intriguing and offer a point of departure for the discussion of certain neuro- 
endocrine relationships. 

INSECTS 


In the larvae of muscoid Diptera the ring-gland, an endocrine organ concerned 
with development (Hadorn, 1937; Hadorn and Neel, 1938; Burtt, 1938; Becker 
and Plagge, 1939; Vogt, 1942a; Gloor, 1943; Bodenstein, 1943a, 1943b, 1944), 
contains the elements of two glands, the corpus cardiacum and the corpus allatum 
(Scharrer and Hadorn, 1938; Vogt, 1942b; Day, 1943; Poulson, 1944). In other 
insects these two components form more or less individual organs. In Leucophaea 
maderae, a species used in the present study, the corpora cardiaca and allata are 
paired organs which, as in other representatives of the Orthoptera (De Lerma, 
1937; Hanstrom, 1940), lie dorsal to the esophagus behind the brain. The ante- 
rior portions of the elongate corpora cardiaca form part of the wall of the dorsal 
blood vessel. The posterior ends of the corpora cardiaca are in contact with the 
corpora allata, which lie more laterally than the former. In Leucophaea the two 
glands are not, as in other species, separated by a nervus corporis allati but constitute 
an almost continuous mass of glandular tissue. 

Histologically the corpus cardiacum can be easily differentiated from the corpus 
allatum. Cardiacum tissue contains nervous as well as glandular elements, whereas 
there is no indication of a nervous component in the corpus allatum. In Leucophaea 
the corpus cardiacum is to a varying degree filled with deeply staining colloid masses ; 
in older specimens the gland may be replete with such acidophil substances. By 
comparison little material that can be interpreted as a secretory product is, as a 
rule, found in the corpus allatum. The physiological significance of the variations 
of the histological appearance of both the corpora cardiaca and corpora allata is not 
clear at present; but it is evident that they are both glands. 

1This research was aided by a grant made to Western Reserve University by the 


Rockefeller Foundation. 
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The corpora cardiaca receive a well defined fiber bundle (nervus corporis car- 
diaci, Pflugfelder, 1937 ; nervus corporis cardiaci I, Hanstrom, 1940; nervus occipi- 
talis, Nesbitt, 1941) from the pars intercerebralis of the protocerebrum. In Leu- 
cophaea the fibers turn from their origin antero-medially and downward. Most of 
them, perhaps all, cross in the midline and continue toward the base of the brain. 
Thence the fiber bundle turns backward and shortly after leaving the brain enters 
the corpus cardiacum. The bundle can be followed all the way through the gland, 
which it innervates (Fig. 1). It seems that some of the fiber components enter the 
corpus allatum of the same side where they are distributed. 


CORPUS ALLATUM 


PARS INTERCEREBRAL/S 







PROTOCEREBRUM 


COLLOID YY 


— 4a CORPUS CARDIACU/M 
—s— —— a 


NERVUS CORPORIS CARDIAC! 
Figure 1. Diagram of the intercerebralis-cardiacum-allatum system of an _ insect. 


The pars intercerebralis of the insect brain is distinguished by the occurrence of 
secreting nerve cells. Such cells have been found in Hymenoptera (Weyer, 1935; 
Scharrer, 1937), Hemiptera (Hanstrém, 1938; Wigglesworth, 1940), Lepidoptera 
(Day, 1940a), Coleoptera, Neuroptera, Trichoptera, and Diptera (Day, 1940b; 
Vogt, 1942a).*. Inthe Orthopteran Leucophaea maderae, for instance, the medium 
sized nerve cells of the pars intercerebralis contain distinctly staining inclusions 
varying in size and number. There may be only two to three granules present in 
one cell, or they may be so numerous that they fill the entire cell body. Not only 
the number of granules in different cells, but also the number of secreting elements 
varies in different specimens. There may be numerous cells on either side of the 
midsagittal plane containing granules or there may be only a few such cells. The 
secretory material is in some cases concentrated near the axon hillock, and may 
continue for a certain distance into the axis cylinder, which in this case appears 
wider than in nerve cells of comparable size without secretory granules. 


2 R. P. Holdsworth found neurosecretory cells in the pars intercerebralis of Pteronarcys, 
a representative of the Plecoptera (personal communication). 
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The colloid granules in the pars intercerebralis resemble in size and stainability 
those found and previously described in the neurosecretory cells of the subesophageal 
ganglion (Scharrer, 1941a). The neuroglandular cells are larger in the subesophd- 
geal ganglion than in the pars intercerebralis. 

Along the fibers of the nervus corporis cardiaci colloid masses are found in 
varying, sometimes very great amount, particularly in older specimens of Leu- 
cophaea. The colloid content of the fiber bundle permits its tracing and differenti- 
ation from other tracts (Fig. 1). 

The concept of an anatomical system formed by the pars intercerebralis and the 
corpora cardiaca and allata facilitates the understanding of the hormonal regulation 
of postembryonic insect development. Several hormones derived from different 
sources have been demonstrated to control growth and differentiation in various 
groups of insects. The corpus allatum is known to furnish an “inhibitory hor- 
mone” in Hemiptera (Wigglesworth, 1934, 1936, 1940), Orthoptera (Pflugfelder, 
1937 ; Pfeiffer, 1942; Scharrer, 1944), Lepidoptera (Bounhiol, 1939; Piepho, 1943), 
and Coleoptera (Radtke, quoted from Piepho, 1943). A substance originating in 
the brain brings about molting in Hemiptera (Wigglesworth, 1940), and pupation 
in Lepidoptera (Kope¢, 1922; Caspari and Plagge, 1935; Kiihn and Piepho, 1936) 
and Hymenoptera (Schmieder, 1942). Additional centers in the thorax (or pos- 
sibly upper abdomen) have been claimed to play a role in pupation and imaginal 
differentiation of Lepidoptera (Hachlow, 1932; Bounhiol, 1938; Bodenstein, 1938; 
Fukuda, 1940; Piepho, 1943) and Neuroptera (Ochsé, 1944). In the highly spe- 
cialized muscoid Diptera the ring-gland containing both corpus cardiacum and al- 
latum controls growth, molting (Bodenstein, 1944), pupation (Hadorn, 1937; 
Hadorn and Neel, 1938; Becker and Plagge, 1939; Vogt, 1942a), and imaginal 
differentiation (Bodenstein, 1943b), whereas the brain is said to have no influence 
on these processes. There is indirect evidence that at least the substance causing 
puparium formation is produced by the cardiacum component of the ring-gland 
(see Scharrer, 1941b). Finally, removal of the corpora cardiaca in Orthoptera 
causes a retardation of molting (Pfeiffer, 1939). 

In an attempt to reconcile some of the seemingly divergent data it may be useful 
to discuss first the various hormones named, and second their source in the organism. 

Concerning the hormones controlling postembryonic insect development two 
interpretations are possible: (a) Each developmental step is brought about by one 
or several specific hormones. Accordingly there would exist molting, pupation, and 
metamorphosis hormones. (b) There are two types of hormones interacting during 
development. The one type activates the imaginal potencies in a measure regulated 
by the responsiveness of the developing tissue and thus brings about periodic growth 
and differentiation. Factors of this type are called in this paper “growth and dif- 
ferentiation hormones.” The other type, juvenile or inhibitory hormone, activates 
the “juvenile,” i.e. larval potencies of the cells, and in this way prevents the onset 
of metamorphosis. According to this concept, first formulated by Wigglesworth 
(1934, 1936, 1940), the presence of both factors in adequate proportion causes 
larval (nymphal) molting, whereas in the absence of the juvenile factor metamorpho- 
sis takes place. There is strong evidence that this “dualistic” mode of regulation 
exists not only in hemimetabolous (Hemiptera, Wigglesworth, 1934, 1940; Orthop- 
tera, Pflugfelder, 1937, 1940; Pfeiffer, 1942; Scharrer, 1944), but also in holo- 
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metabolous forms (Lepidoptera, Bounhiol, 1939; Coleoptera, Radtke, quoted from 
Piepho, 1943). 

In holometabolous insects, then, the effect ascribed by certain authors to a “molt- 
ing hormone” would actually result from the combined action of two hormonal 
factors, a juvenile hormone and a growth and differentiation hormone. Pupation 
and metamorphosis would take place in the presence of one or more differentiation 
factors alone. 

As sources of the hormones controlling insect development three organs in the 
head region of insects are known at present: (1) the glandular corpora allata, (2) 
the corpora cardiaca, consisting of nervous and glandular elements, (3) the pars 
intercerebralis of the brain containing glandlike nerve cells. 

In contrast to the known action of the corpus allatum which is the source of 
the juvenile hormone (see p. 244), the role of the two remaining centers has been 
less well understood. In one group of insects the brain seems to produce a hor- 
mone (or hormones) which in another group is provided by the corpus cardiacum. 
These two sources do not need to be treated as two separate centers of glandular 
activity, different as they may seem at first sight. On the basis of their unusual 
morphological relationship it is proposed to consider them as components of one 
neuro-endocrine complex whose role in the developing insect is the regulation of 
growth and differentiation. ‘ 

As to the mechanism of this glandular complex there are two possibilities. 
Either both the brain and the corpus cardiacum cooperate in the elaboration of 
growth and differentiation factors, or in different animals the one or the other 
component has become the predominant hormone source. Considering the vari- 
ability in the development of neuroglandular organs in the insect head one may 
expect to find examples for either alternative among the various groups of insects. 

The first possibility has to be considered, if extirpation of one of the two glandu- 
lar centers leads to disturbances but not to a complete interruption of the endocrine 
mechanism. For instance, it is known that cardiacectomy in Melanoplus (Orthop- 
tera, Pfeiffer, 1939) delays but does not entirely prevent molting. 

There are data that indicate the second possibility, i.e. an autonomous action of 
either the brain or the corpus cardiacum. In nymphs of Rhodnius (Hemiptera, 
Wigglesworth, 1940) brain implants cause molting in the absence of the corpus 
cardiacum. In Drosophila and Calliphora the ring-gland (in all probability its 
cardiacum component) furnishes growth and differentiation hormones, whereas the 
brain alone has little or no effect. Most of these data in Diptera (Hadorn, 1937; 
Hadorn and Neel, 1938; Burtt, 1938; Becker and Plagge, 1939; Vogt, 1942a; 
Gloor, 1943 ; Bodenstein, 1943a, 1943b, 1944), as well as observations made in other 
groups of insects, do not preclude, although they do not prove a collaboration be- 
tween pars intercerebralis and corpus cardiacum in the production of growth and 
differentiation hormones.’ 

All these data and considerations concern the developing insect. In the adult 
the corpora allata control egg development (Wigglesworth, 1936; Pfeiffer, 1939; 
Thomsen, 1940; Vogt, 1940; Scharrer, 1943) and color change (Pflugfelder, 1939) ; 


3 Further information will be necessary about the identity and mode of action of certain 
thoracic centers, mentioned on p. 244, before they fit into the present concept of the hormonal 
control of insect development (see also Richards, 1937). 
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the functional significance of the intercerebralis-cardiacum complex is still unknown, 
However, the production of physiologically active substances by the intercerebralis- 
cardiacum complex also in the imago is indicated by the fact that extracts from either 
component in Periplaneta yield chromatophorotropic responses in crustaceans 
(Brown and Meglitsch, 1940). 

In summary, the intercerebralis-cardiacum-allatum system furnishes two types 
of hormonal factors which by their interaction control the rate of insect development. 
The one type, i.e. growth and differentiation hormone (or hormones), originates 
in the neuroglandular intercerebralis-cardiacum complex, the other (juvenile, in- 
hibitory hormone )in the corpus allatum. This seems to be the most satisfactory 
interpretation of the numerous existing observations. As has been indicated (p. 
245) it is not the only one possible. 


VERTEBRATES 


The pituitary gland consists of two components, the pars buccalis (anterior lobe), 
and the pars nervosa (posterior lobe). The latter receives its innervation from 
nuclei in the hypothalamus ; how many of the nerve fibers also end in the anterior 
lobe, is not definitely known, and it seems to vary in different groups of vertebrates. 
In the fishes, the nucleus preopticus and the nucleus lateralis tuberis send their fibers 
to the hypophysis. The nucleus preopticus alone innervates the gland in the am- 
phibians. In the reptiles the nucleus preopticus is divided into two nuclei, the 
nuclei supraopticus and paraventricularis (Meyer, 1935). The cells of these two 
nuclei send their axons to the pituitary gland in the reptiles and the mammals. The 
significance of these hypothalamic nuclei as nervous centers controlling pituitary 
activity has been studied carefully in some species such as the cat, particularly by 
Ranson and his collaborators (Ranson and Magoun, 1939). 

The same cells which through their axons innervate part or all of the pituitary 
gland have been shown in a number of vertebrates to exhibit characteristics of gland 
cells (Scharrer and Scharrer, 1940). This means that the cells pass through 
cycles of secretory activity during which they produce granules and colloid droplets. 

The question arises whether this secretory activity of the nerve cells is connected 
with the control of the pituitary gland or has no relation to this function. The 
latter would be difficult to understand. The nervous control of the neural lobe is 
known to be of great importance for the normal function of this organ. It seems 
inconceivable that the cells which innervate the gland could themselves change into 
gland cells to the extent observed in some animals if the secretory activity of these 
nerve cells would serve a purpose unrelated to the activity of the pituitary gland. 
Such an independent glandular function would probably interfere with the task of 
the cells of innervating the hypophysis. 

The alternative, that the secretory activity of the neurons is part of the mecha- 
nism through which the hypothalamic nuclei exert control over the pituitary gland, 
would appear to be more acceptable. Evidence to support this view may be seen in 
two kinds of observations: (1) The secreted material can be traced along the axons 
to the hypophysis. (2) There is a seasonal cycle in certain cases of neurosecretory 
cells which may have a significance with regard to seasonal cycles in hypophyseal 
activity. 
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Granules and droplets, discharged by secreting nerve cells, have been traced 
along the axons in a number of species (Fig. 2). In the catfishes, Noturus flavus 
and Ameiurus nebulosus, the nucleus preopticus and the nucleus lateralis tuberis 
both consist of secreting nerve cells (Palay, 1943). Acidophil granules and drop- 
lets of the same kind as produced by these cells are found all along the fibers from 
the preoptic nucleus to the pituitary gland. This tract can actually be differentiated 
from other fiber connections by the granules which in Masson preparations stain 
red and mark the bundle as clearly as the black granules would in a successful Marchi 
preparation (Palay, unpublished). 


PREOPTIC NUCLEUS 


TRACTUS 
PREOPT/CO- 
HY POPHYSEUS 


OPTIC CHVASM 


ANTERIOR LOBE 


HYPOPHIY S/S 


POSTERIOR LOBE 


Ficure 2. Diagram of the hypothalamo-hypophyseal system of a vertebrate. 


The granules along the axons of the preoptic nucleus can be seen also in other 
fishes, such as Tinca (Scharrer, 1936), Fundulus, and Centropristes. Likewise in 
amphibians, for instance in the toad, the granules are attached to the axons in bead- 
like arrangement for a long distance from the cell of origin. In reptiles, particu- 
larly in snakes, the fiber tract between the supraoptic nucleus and the hypophysis 
may be filled with colloid droplets as in the catfish. Also in the human supraoptic 
nucleus cells have been seen with acidophil granules along the axon some distance 
from the cell body (Gaupp and Scharrer, 1935). 

In the vertebrates a considerable amount of experimental work has been done, 
but the physiological role of the material secreted by the nerve cells is still un- 
known. All that can be said at present is that if the acidophil material discharged 
by the nerve cells contains an active principle, it appears to be directed toward the 


hypophysis. 
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It should be mentioned here that a number of investigators have suggested a 
migration in the opposite direction, i.e. of hypophyseal colloid from the pituitary 
gland to the hypothalamus (Edinger, 1911; Cushing, 1925; Collin, 1928; Popjak, 
1940). There is no doubt that this actually takes place. The hypophyseal colloid 
can be differentiated from the colloid of the nerve cells in that it stains slightly dif- 
ferent and appears in the shape of irregular masses instead of sharply defined gran- 
ules. This hypophyseal colloid cannot be traced very far, and it is questionable 
whether it reaches the hypothalamus; but the possibility that colloid may be ex- 
changed in both directions must be acknowledged. The significance of such an ex- 
change is largely obscure, but a close interrelation between the activity of the hypo- 
physis and that of neurosecretory cells in the hypothalamus is suggested. 

A seasonal cycle of the secretory activity of neurosecretory cells has been found 
so far only in one species of teleosts. The cells of the nucleus lateralis tuberis 
of the tench (Tinca vulgaris), a close relative of the carp, show no secretory activity 
during the winter months. It is very conspicuous during the summer months with 
gradual increase in spring and decrease in fall (Scharrer, 1936). In catfishes 
(Ameiurus nebulosus and Noturus flavus), collected during the past three years, no 
corresponding cycle was found (Scharrer and Palay, unpublished). The pituitary 
gland of fishes is also subject to seasonal changes (Bock, 1928; Matthews, 1939; 
Evans, 1940). Whether and in which way the cyclic hypophyseal phenomena are 
related to those taking place in the nucleus lateralis tuberis is not known at present. 
The data available require closer investigation. 

Consequently it is proposed to follow the suggestion of physiologists and patholo- 
gists who have been considering the hypothalamic nuclei of higher animals together 
with the neural lobe as an interdependent system. Such a hypothalamo-hypophyseal 
system could be assumed to have originated from a hypothetical situation in which 
from one neuroglandular area in the brain the secreting hypothalamic nuclei and the 
pars nervosa of the hypophysis have been derived. The exchange of colloid, what- 
ever its functional meaning may be, could be considered as a remnant of the original 
connection. Charlton (1932) has presented evidence that in phylogeny the nucleus 
preopticus of the fishes has migrated rostrally. The cauda of the nucleus preopticus 
in fact points toward the hypophysis, and the irregularly occurring nucleus lateralis 
tuberis is still in very close proximity to the pituitary gland. 


DISCUSSION 


A comparison of the hypothalamo-hypophyseal system of vertebrates with the 
intercerebralis-cardiacum-allatum system of insects reveals a parallelism which is 
the more striking because insect and vertebrate organs differ so greatly that no true 
organ homology can exist between these phyla. 

The hypothalamic nuclei of the vertebrates have their equivalent in the pars inter- 
cerebralis of the insects. In both centers neurosecretory cells are found, and both 
send nerve fibers to innervate complex endocrine organs, i.e. the pituitary gland 
and the corpora cardiaca and allata. In both the vertebrates and the invertebrates 
these nerve fibers contain colloid which can be traced from the nerve cells all the 
way to the glands innervated by them. 

The endocrine glands too are comparable as Hanstrom (1941) has pointed out. 
The hypophysis produces a number of well-known hormones influencing growth, 
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gonadal development, chromatophores, etc. The corpora cardiaca and allata con- 
trol processes of equivalent importance in the life of insects, such as growth and 
metamorphosis, egg development, color change, etc. Evidently the corpora cardiaca 
and allata play a role in insects similar to that of the pituitary gland in vertebrates. 

Both glands are composite structures. The pituitary consists of a neural portion 
which forms the posterior lobe, and a glandular portion which forms the anterior 
lobe. These two components become associated to a varying extent; they are most 
closely connected in the teleosts where the pars nervosa penetrates the pars glandu- 
laris. In the insects the corpora cardiaca are comparable to the neural portion, the 
corpora allata to the glandular portion of the hypophysis. The corpora cardiaca and 
allata become associated in most insects; in the muscoid Diptera they form an organ 
(ring-gland) in which the two components can be differentiated only histologically 
(Scharrer and Hadorn, 1938; Vogt, 1942b; Day, 1943; Poulson, 1944). 

The parallelism in the organization of the two systems here compared could be 
merely a coincidence. However, it seems more likely that the comparison is signifi- 
cant in that it indicates a fundamentally similar relationship between the “master 
glands” and the central nervous system in invertebrates and vertebrates. 


SUMMARY 


The hypothalamo-hypophyseal system in vertebrates is in many respects similar 
to the intercerebralis-cardiacum-allatum system in insects. 

(1) In vertebrates the hypothalamic nuclei innervating the pars nervosa of the 
pituitary gland contain secreting nerve cells. In a number of species colloid droplets 
can be traced along the axons from the neurosecretory cells of the hypothalamus to 
the hypophysis. 

(2) In insects the pars intercerebralis of the protocerebrum contains neuro- 
secretory cells. A bundle (nervus corporis cardiaci) innervating the corpus cardi- 
acum and probably also the corpus allatum originates in the pars intercerebralis. In 
Leucophaea (Orthoptera) as in the vertebrates, colloid can be traced from the secret- 
ing nerve cells of the pars intercerebralis to the corpora cardiaca all along the nervus 
corporis cardiaci. 

(3) On the basis of these morphological relationships the hypothalamic nuclei 
(nucleus preopticus and its homologues) and the pars nervosa of the hypophysis 
appear as one closely interconnected system. Likewise the pars intercerebralis and 
the corpus cardiacum of insects may be viewed as one neuro-endocrine complex 
rather than as two separate sources of hormones. In this way certain seemingly 
inconsistent data concerning the endocrine control of development in insects can 
be better understood (see p. 244). 
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INTRODUCTION 


Several hypotheses have been proposed regarding the basic mechanism which 
determines the flow of pigment granules back and forth in the protoplasmic branches 
of unicellular chromatophores. The melanophores of vertebrates, for example, have 
been regarded as amoeboid cells with pseudopodia which extend and retract alter- 
nately (Hooker, 1914); and as modified visceral muscle cells (Spaeth, 1916) 
More recently, Shanes and Nigrelli (1941) have related the movement of the me- 
lanin granules to processes occurring in some birefringent material which appears 
to lie between and around the melanophores proper. 

The present investigation deals with the action of hydrostatic pressure on the 
melanophores of the isolated scale of Fundulus heteroclitus, and the work forms a 
sequence with several previous studies. Amoeboid movement (Brown and Mars- 
land, 1936), the cleavage movements of various marine eggs (Marsland, 1938 and 
1939a), and protoplasmic streaming in plant cells (Marsland, 1939b) were all found 
to be activated by intracellular processes of gelation and solation (Marsland, 1942). 
Protoplasmic gelations have proved to be uniquely susceptible to the influence of 
hydrostatic pressure (Marsland and Brown, 1942), and consequently an opportunity 
is afforded for studying the role of such reactions in the behavior of the melanophore. 


EXPERIMENTAL RESULTS 


Effects on pulsating melanophores 


Pulsation of the melanophores of the isolated scale was induced by a modifica- 
tion? of the method of Spaeth (1916), and the scale -was then placed in the 
microscope-pressure chamber (Marsland and Brown, 1936). This chamber per- 
mits the melanophores to be viewed at a magnification of 600 diameters at pres- 
sures ranging up to 8000 Ibs./in.*. 

At 1000 Ibs./in.* the pressure effect upon the pulsating cells is scarcely dis- 
cernible ; but at 2000 Ibs. the change becomes very obvious. The flow of the pig- 
ment granules back and forth in the branches of the melanophores continues, but 
the amplitude of each pulsation is plainly reduced. This reduction is confined, how- 


1 The scales were scraped from the dorso-lateral surface of the fish and placed in N/10 
normal NaCl solution for 15 mins. before transfering to N/10 BaCl for seven minutes. After 
this the scales were returned to fresh NaCl solution in which the pulsations would start in 
about one hour and continue for more than two hours. A thorough two-fold washing of the 
scales in separate samples of each solution was done before they were introduced into the 
pressure chamber. 
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ever, to the central ends of the branches of the melanophores. The outflow of pig- 
ment granules continues to reach the distal ends of all branches, but the inflow re- 
verses itself before the granules have fully reached the central protoplasmic mass. 
Thus at the maximum of each concentration the melanophore displays a number of 
short stumplike excrescences which correspond to the number of branches which 
are fully developed at maximum expansion. 

At pressures between 3000 and 6000 Ibs./in.*, the amplitude of the pulsations 1s 
reduced more and more, entirely at the central end. The outflow still reaches the 
tips of the branches, but the inflow, at the higher pressures, is so restricted that 
almost the full length of each branch remains when the concentration of pigment 1s 
complete. Finally, at pressures between 7000 and 8000 Ibs./in.*, the pulsations 
cease altogether. Now all the melanophores remain in their completely expanded 
form. 

lf the pressure is suddenly released, an immediate concentration phase always 
sets in. This “release contraction” is very rapid, and it endures somewhat longet 
than the “contraction” which occurs in the ordinary rhythm of an uncompressed 
specimen. 


Effects on contracted * melanophores 


Since pressure inhibits and finally abolishes the contraction phase of the pulsa- 
tion cycle, it was of interest to determine how the melanophores might react in the 
presence of reagents which induce the pigment to remain in the concentrated state. 
Most of these experiments were done with scales immersed in N,10 KCI solutions, 
although the same results were also obtained with adrenalin (1:1000). The me- 
lanophores of uncompressed control scales in these solutions remained in a fully 
contracted state for a period far in excess of the time required for the experiments. 

The results of these experiments are indicated in figure 1. The several photo- 
graphs are of the same melanophore successively exposed to different degrees of 
pressure. The response to increased pressure is always an immediate expansion, 
and the degree of this expansion bears a direct relation to the intensity of the pres- 
sure up to 7000-8000 Ibs.,in.*. At this level a maximum dispersal of the pigment 
is always observed. 

The degree of expansion depends directly upon the intensity of the pressure. 
The same configuration is reached at a certain pressure regardless of whether the 
melanophore expands to this point, as a result of increasing the pressure, or con- 
tracts as a result of decompressing. Also when a fixed pressure is maintained, the 
characteristic degree of expansion is maintained for many minutes. But whenever 
the pressure is completely released, the melanophores return immediately to a fully 
contracted state. 


Experiments with denervated melanophores 


Since Parker (1934) has shown that the terminal branches of the nerves which 
supply the melanophores retain some influence on the contractile state even after 


2 The term contraction will be used to designate the process whereby the pigment under- 
goes concentration in the melanophore, despite the fact that this process is not entirely 
comparable to the contraction of a muscle. This usage seems justifiable in view of the fact 
that pigment concentration probably does involve a contraction of the plasmagel system of 
the chromatophore, although the cell as a whole does not contract (see p. 259) 
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all connections with the central nervous system have been severed, it was necessary 
to determine whether or not the action of pressure is mediated through the activity 
of the surviving nerve remnants. Therefore the foregoing experiments were re- 
peated, using melanophores in which complete denervation was assured. 

For this purpose the method of Parker was used. Broad dark bands were estab- 
lished in the caudal fins of ten medium sized Fundulus, by making dorso-ventral 
cuts completely through the fins about two mm. caudal to the origin. After ten days 
the bands were not quite as wide as originally, but they were still clearly discernible 
as darker areas in light-adapted fish and as lighter areas in dark-adapted specimens. 
In accordance with Parker’s conclusion, these observations indicate that the degen- 
eration of the residual nerves is complete within ten days, and that longer periods 
must elapse before secondary innervation can occur. 


SINGLE WELANOPHORE, SCALE OF FUNOULUS ISOLATED WH NVIO KCL 


Ficure 1. Progressive inhibition of contraction by hydrostatic pressure (courtesy of Iowa 
State College Press, Ames, Iowa). 


On the eleventh day a small square section of the tail-fin, so selected that about 
half the area was derived from the denervated region, was excised, washed in three 
changes of N/10 KCl, and placed in the pressure chamber, which also contained the 
same solution. All the melanophores of the excised piece were fully contracted and 
there was no discernible difference between the melanophores of the innervated and 
denervated areas. This proves that the contracting action of the KCI solution does 
not depend upon the survival of the terminal nerves. ; 

Different pressures, ranging up to 8000 Ibs./in., gave exactly the same results 
as were described previously. Both groups of melanophores, regardless of the pres- 
ence or absence of surviving nerves, gave the same degree of expansion with each 
increment of pressure, and in both groups a full expansion was reached at 7000- 
8000 Ibs. This proves that the pressure acts directly upon the melanophores per se, 
rather than indirectly, via surviving nerve elements. 


Centrifuging experiments 
The foregoing experiments indicate that pressure exerts an inhibiting effect upon 
some protoplasmic reaction which determines the contractile state of the melano- 
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phore. Apparently the equilibrium of this reaction can be shifted by each increase 
or decrease of pressure in the range up to 8000/Ibs./in.*. In this respect the activity 
of melanophores closely resembles amoeboid movement, cleavage and cyclosis. And 
since these physiological activities are known to be determined by sol-gel changes 
occurring in the protoplasm, centrifuging experiments were undertaken, on the 
hypothesis that similar factors are involved in the present case. 

It soon became apparent that melanophores are. very unfavorable for measuring 
gelational changes in the protoplasm. Very high centrifugal forces must be em- 
ployed before any sign of pigment displacement can be obtained and, due to the 
highly irregular form of the melanophore, quantitative measurements of the degree 
of displacement are quite impossible. However, certain qualitative indications were 
obtained when the isolated scales were subjected to a centrifugal force of 70,000 
gravity in an air turbine ultracentrifuge.® 

In the centrifuging experiments it was necessary to find a method for holding 
the centrifuged scale in a position such that the anterior-posterior axis of the scale 
(and consequently the plane occupied by each melanophore and its processes) was 
parallel to the centrifugal axis. This was accomplished by rolling the scale into 
the form of a cylinder and inserting it into a short length of pyrex capillary tubing, 
sealed at the centrifugal end. The diameter of the lumen of the tubing was about 
half the width of the scale. Consequently when the elastic scale begins to unroll, 
its outer surface becomes firmly pressed against the inner surface of the tubing. 
The external diameter of the pyrex tubule was only slightly less than the internal 
diameter of the metal jacket in the head of the ultracentrifuge, and consequently 
the tubule axis and the axis of the centrifuge were approximately identical. Both 
the metal jacket and the pyrex tubule were filled with the immersion solution, and 
this arrangement tended to reduce the force of the impingement of the glass tubule 
upon the bottom of the metal jacket. 

Assuming that the resistance to the displacement of the melanin granules through 
the protoplasm of the melanophore provides an index of gelation, the experiments 
support the view that the protoplasm is set more firmly in the contracted than in 
the expanded melanophore. Using a standard force of 70,000 gravity and a fixed 
period of three minutes, no displacement of pigment was ever observed for con- 
tracted melanophores.‘ But an easily discernible pigment displacement (see figure 
2) was always obtained under the same conditions with expanded specimens. 
Moreover, essentially the same results were obtained regardless of the agency used 
to induce contraction (KCI and adrenalin solutions), or expansion (NaCl, acetyl 
choline,® and physostigmine ® solutions). 

Watching the melanin granules redistribute themselves after they have been dis- 
placed centrifugally, also provides an indication that the protoplasm is in a relative 
state of sol when the melanophores are expanded. A complete redistribution of 
the granules, after they are displaced as in figure 2, appears to depend upon Brown- 
ian movement. At any rate an exceedingly active Brownian movement can clearly 


8 Cordial thanks are extended to Dr. E. Newton Harvey and to Dr. Ethel Brown Harvey 
for their kindness in permitting the use of this equipment at the Marine Biological Laboratory. 

4In contracted melanophores no sign of pigment displacement was obtained with even 
greater forces (up to 125,000 gravity) employed for periods up to 12 mins. 

5 Acetyl choline chloride, Merck, 1X10", in N/10 NaCl. 

6 Physostigmine sulfate, Merck, 3 X 10°, in N/10 NaCl. 
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be seen as the melanin granules begin to invade the part of the protoplasm which 
previously was cleared of the pigment. This movement continues for about an 
hour, at which time the redistribution is almost complete. 


Figure 2. (A) contracted, and (2) expanded melanophores, both centrifuged for 6 minutes 
at a force of 70,000 gravity. No pigment displacement was ever obtained in contracted speci- 
mens, using forces up to 125,000 gravity. (C) semi-expanded specimen, showing the central 
hyaline plasmasol region. 


Despite the drastic centrifugal treatment, the melanophores do not appear to be 
damaged. After the melanin granules have been redistributed and the normal 
expanded form has been regained, the melanophores are susceptible to further con- 
tractions and expansions, if the scales are successively immersed in solutions of 


KCl and NaCl. 
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Temperature experiments 

Since it is known that the magnitude and even the sign of the pressure effect upon 
certain physiological processes (bioluminescence, Brown, Johnson and Marsland, 
1942; and muscular contraction, Brown, 1934) depend upon temperature, some of 
the experiments were repeated at low (6° C.) and high (30° C.) temperatures. 

These latter experiments demonstrate that high temperature fosters a contrac- 
tion of the melanophores ; whereas low temperature tends to induce expansion. At 
room temperature (20-22° C.), melanophores immersed in N/10 NaCl are all ex- 
panded ; but at 30° C. they all reach a full state of contraction. Moreover, at room 
temperature melanophores in N/10 KCl are fully constricted; but at 6° C., a ma- 
jority on a given scale are about two-thirds expanded, and the others are fully ex- 
panded. Also at 30°, when fully contracted KCl-immersed specimens are subjected 
to hydrostatic compression, it is very difficult to initiate expansion. In fact, the first 
sign of this effect does not appear until the pressure reaches about 6000/in.’, in 
contrast to the room temperature level, namely 1000-2000 Ibs./in.*. At 30° C., 
however, the viability of the melanophores is limited to about two hrs., at least in 
solutions containing only NaCl or KCl. After this time irritability is lost rapidly, 
and no further contractions or expansions can be elicited. 


Discussion 


The action of pressure is localized in the melanophore itself, rather than in the 
surviving nerve supply, as is clearly established by the work on denervated speci- 
mens. Thus it seems likely that pressure has its main effect upon some intrinsic 
component in the protoplasmic system. 

Recent studies on the biological effects of pressure indicate that pressure exerts 
at least two main types of action in protoplasmic systems. The first type of action 
appears to be primarily chemical, in that the pressure modifies the velocity or equi- 
librium of one or more of the metabolic reactions which energize the physiological 
process; but the second effect is physical, in that pressure appears to change the 
viscous and tensile properties of specific gel structures in the cell. 

No doubt both types of pressure effects are present in any given system, but the 
first kind of action seems to dominate in the studies on muscle, nerve, and lumines- 
cence ; whereas the second is dominant in amoeboid movement, cleavage, and cyclosis 
(Marsland, 1942). 

The present evidence indicates that the action of pressure upon melanophores is 
mainly of the second type, and that sol-gel changes are definitely concerned with 
the development of the forces which cause the granules to flow back and forth in the 
protoplasmic branches of the pigment cells. However, quantitative measurements 
to substantiate this view could not be obtained, and consequently the qualitative 
evidence must be considered very carefully. 

Pressure determines the dispersion and concentration of the melanophore pig- 
ment in a very regular and decisive fashion, and this action is clearly parallel to the 
pressure effects upon amoeboid movement, cleavage, and cyclosis. This leads to the 
conclusion that sol-gel changes are likewise of critical importance in melanophore 
activity. According to this view, contraction of the melanophore is determined by 
a gelation of the protoplasm; whereas expansion depends upon solation. 
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This hypothesis permits a logical interpretation of the observed effects of both 
temperature and pressure. The gel system of the melanophore clearly conforms to 
that of the several other protoplasmic gels which have been studied, in that it be- 
haves like a type III gel (Freundlich, 1937). This type of gel sets more firmly 
with increasing temperature and, in setting, undergoes a small but definite increase 
of volume. Type III gels invariably undergo solation when the pressure is in- 
creased, or when the temperature is lowered (Marsland and Brown, 1942). Conse- 
quently the facts: that both high pressure and low temperature regularly cause ex- 
pansion in the melanophore ; and conversely, that decreasing pressure and increas- 
ing temperature regularly bring about contraction, may be considered as strong evi- 
dence in favor of the hypothesis. 


% 
100 


@ = Arbitrary point. all other values 
are relative to this. 


+ = Gel value, Amoeba. 

+ = Gel value, unfert Arbacia egg 
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Ficure 3. Inhibition of protoplasmic movements in relation to the solating effects of 
hydrostatic pressure. 


A substantiation of this view must await more data, but the existing evidence 
seems very significant. The contraction phase of the pigmentary response is limited 
by pressure in a manner that parallels, at least roughly, the inhibition of gelation 
which has been demonstrated in plasmagel systems generally. The “half-expanded” 
state of the chromatophore (Fig. 1) occurs at about 2500 Ibs./in.? (at 20°-22° C.), 
which corresponds to a gelation value of approximately 50 per cent (Fig. 3) ; and 
it seems probable that the other values, should they become available, will likewise 
fall upon the general curve. Also the centrifuging experiments provide at least a 
qualitative demonstration that gelation and solation are of critical significance in 
melanophore activity. Regardless of the agent (NaCl, physostigmine and acetyl- 
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choline solutions) which was used to bring about the pigment dispersal, expanded 
melanophores always showed a clear displacement of the melanin granules at a 
centrifugal force of 70,000xg.; whereas this force never gave any sign of pigment 
displacement in contracted melanophores. 

It seems worthwhile to speculate briefly as to how gelation may instrument the 
movement of the pigment from branches into the body of the chromatophore. The 
simplest concept of the mechanism comes from the views of Lewis, 1942, and Mars- 
land, 1942, which were derived from studies on amoeboid movement and cleavage. 
According to this view every gel, by virtue of its intrinsic structure, tends to con- 
tract spontaneously. The gel is conceived of as a colloidal network of interconnected 
protein units, the interstices of which are filled with a fluid residuum of the original 
sol. Conditions which foster gelation lead to a strengthening of the interconnecting 
bonds and to a folding of the extended protein units which constitute the framework 
of the gel. These factors account for the contractile tendency, which is accompanied 
by an exudation of sol, expressed from the shrinking interstitial spaces. 

In the melanophore, the pigment granules are probably enmeshed in, or at- 
tached to, the gel framework which, in the expanded specimen, extends out into the 
outlying branches. During contraction, conditions favoring a firmer setting of the 
gel are imposed upon the system and consequently the gel framework begins to 
shrink and pull the pigment granules inward from the extended branches. Simul- 
taneously, however, these must be an outflow of sol into the branches, in sufficient 
quantity to compensate for the volume of the retreating gel and pigment. 

Direct observations of the melanophores under oil immersion tends to support 
the foregoing hypothesis. In the partially and fully expanded specimen the central 
region of the body of the melanophore is clearly hyaline, and the pigment granules 
are located only in the peripheral parts of the body and in the extended branches 
(Fig. 2). This differentiation indicates that the plasmasol and plasmagel of the 
melanophore occupy the same relative positions in amoeboid cells generally. Conse- 
quently it is proposed that the hyaline protoplasm of the body of the melanophore 
be considered as the plasmasol, which is surrounded by the pigmented outlying proto- 
plasm, the plasmagel. 

During contraction the central hyaline plasmasol region of the melanophore be- 
comes obliterated. No doubt this results from the encroachment of pigment gran- 
ules which come in from the branches. But in the process of this obliteration, prob- 
ably, the framework of the plasmagel must shrink, exerting a pressure upon the 
enclosed sol. Thus part at least of the sol must seep out through the meshes of 
the surrounding gel and escape into the branches to replace the material which is 
retreating from these parts. Such an exudation of hyaline sol through the mesh- 
work of the surrounding gel would be homologous to the escape of sol which occurs 
through the plasmagel sheet at the advancing tip of a pseudopodium in Amoeba 
(Mast, 1926). 

The outlying branches of the melanophore persist during contraction (Matthews, 
1931). But no one has been able to observe the outflow of hyaline sol, which must 
inevitably occur while the pigment is retreating from the branches. The difficulties 
of such observations are, no doubt, first that the sol is completely hyaline, and 
second, that the branches tend to be obscured by other tissues occupying a more 
superficial position on the scale (Matthews, 1931). 





260 DOUGLAS A. MARSLAND 


Indirect evidence of the outflow of sol may be obtained by observing (oil immer- 
sion) the inflow of pigment granules from the peripheral tips of the branches of 
the melanophore during the early stages of contraction. These granules behave as 
if they were being dragged, so to speak, against the stream. They exhibit a 
peculiar bobbing movement which is distinctly different from Brownian movement. 
The individual granules tend to arrange themselves on a linear series and do not 
change their relative positions despite the irregularity of their movement. Later, 
when contraction nears completion and the pigment reaches the stouter trunk-like 
origin of each branch, the linear arrangement of the granules is even more accentu- 
ated, but the bobbing movements have practically subsided. These observations 
appear to reinforce two main points in the sol-gel hypothesis: first that the pigment 
granules are definitely affixed in the contracting gel framework and consequently 
tend to display a definite pattern of arrangement; and second, that the contraction 
of the gel framework generates an outward flow of the hyaline sol, derived partly 
from the central fund of plasmasol and partly from the interstices of the gel itself. 

No evidence can be offered as to the mechanism of relaxation, which re- 
distributes the pigment granules after a contraction has abated, except that the 
protoplasm of the pigment cells always shows a definite degree of solation when 
relaxation occurs. Compared to the very firm gelation of the contracted state, this 
solation may be just as great as the solations which have been demonstrated in such 
relatively loose gels as the plasmagel of the amoeba. But the whole system of the 
melanophore is pitched at a higher level of gelation. This is indicated by the great 
centrifugal force necessary to displace the pigment even in the relaxed cells. In 
the amoeba, a force of less than 7000 gravity is adequate to displace all granules 
even when the plasmagel is set to its maximum firmness, but in the melanophore 
a ten times greater force (70,000) is needed, even when the gel system is at 
minimum “solidity.” Apparently there is a very definite residuum of gel struc- 
ture in the melanophore protoplasm even under conditions of maximum solation. 
Consequently it is possible that relaxation results from an unfolding of this per- 
sistant gel mesh-work, by a reversal of the same processes which determine its 
contractile folding. In any event it is plain that redistribution of the pigment does 
not depend on Brownian movement. In drastically centrifuged melanophores, in 
which presumably the pigment granules have been torn loose from their connection 
with the gel structure, more than an hour elapses before the displaced granules 
reach the periphery of the cleared protoplasm in the body and branches of the 
pigment cells. 


SUMMARY 


(1) Increasing hydrostatic pressure progressively inhibits the concentration of 
melanophore pigment, at least roughly in proportion to the magnitude of the 
pressure, in the range up to 7000 pounds per square inch. At each higher pressure 
the capacity to contract is further reduced, not only in the case of pulsating melano- 
phores (Spaeth method), but also in the case of steady contractions induced by 
various chemical agents. 

(2) This action of pressure is entirely independent of the nerve supply of the 
melanophores, since denervation does not in any way alter the pressure responses 
of the pigment cells. 
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(3) Low temperature (6° C.) reinforces the pressure inhibition of contraction, 
but high temperature (30° C.) has a counteracting effect. 

(4) Both the pressure and the temperature effects indicate that contraction 
depends upon the capacity of the protoplasm of the pigment cells to undergo 
gelation; whereas expansion involves solation. This hypothesis, which is borne 
out by a number of microscopic observations, brings melanophore activity into line 
with several other types of protoplasmic movement. 
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In the October 1944 issue in the article ‘‘The theory of metachromatic stain- 
ing’’ by L. Michaelis the formula of thionin on page 156 was incorrectly stated 
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